




Polymerization And Oligomerization Reactions Mediated 




Jane Ngĩma Mũgo 
 
 
A dissertation in fulfilment of the requirement for the degree of PhD in 
Chemistry in the Department of Chemistry and Polymer Science, 
University of Stellenbosch 
 
 






I declare that the thesis ―Polymerization And Oligomerization Reactions Mediated By 
Metallodendrimers Of Zinc and Palladium‖ is my own work, that it has not been submitted 
before for any degree or examination in any other university, and that all the sources I have 






























        …………………… 






In this thesis the synthesis and catalytic applications of new mononuclear and 
multinuclear transition metal complexes derived from salicylaldimine (N,O) and 
pyrrolylaldimine (N,N) ligands are described.  The mononuclear complexes were obtained 
from monofunctional ligands while the multinuclear complexes were derived from dendritic 
ligands. 
The monofunctional salicylaldimine ligands (L1 – L3) were prepared by Schiff base 





di-butyl-2-hydroxylbenzaldehyde respectively.  The 
dendritic analogues were obtained by modifying the peripheral groups of the first or second 
generation poly(propyleneimine) dendrimer, (DAB-(NH2)n (n = 4 or 8), which are 
commercially available with the aforementioned aldehydes to produce ligands, (L4 – L9).  The 
zinc complexes (C1 – C9) and those of palladium (C14 – C17) were subsequently obtained by 
reacting each of the ligands with either diethyl zinc or palladium acetate respectively. 
The pyrrolylaldiminato Pd(II) complexes were synthesized using a similar protocol to 
that of the salicylaldimine analogues.  The ligands were first prepared by the condensation of 





 generation DAB-(NH2)n dendrimer to produce ligands (L10 – L13).  These ligands were 
later reacted with palladium acetate yielding complexes C10 – C13. 
The ligands and metal complexes were fully characterized using various analytical 
techniques.  These include NMR, FT-IR and ICP-AE spectroscopy, mass spectrometry and 
microanalysis.  Thermal analyses (TGA and DSC) were also performed to establish the thermal 
properties of the metallodendrimers.  Single crystal x-ray diffraction of complex C14 was 




square planar geometry around the metal center with the imino nitrogens positioned trans 
relative to each other. 
The Zn(II) complexes were evaluated as catalysts in the ring opening polymerization 
(ROP) of D, L-Lactide (D,L-LA).  The reactions were followed by 
1
H-NMR and the 
polylactides obtained characterized by FT-IR and NMR spectroscopy, GPC, SEM, TGA and 
DSC. 
Five mononuclear complexes (C1 – C3, C18 and C19), were active as catalysts in the 
polymerization of D,L-LA in solution while the metallodendrimers were found to be more 
efficient in bulk polymerization of the monomer.  The substituents on the phenoxy moiety were 
varied in order to probe their influence on the polymerization process.  The unsubstituted 
mononuclear complex, C1 was established to be the most active catalyst achieving high 
monomer conversions at various metal concentrations.  The polymerization rate constants 





 for [Zn] = 0.01, 0.02 and 0.04 M respectively.  The study also revealed that the 
polymerization reactions followed 1st order kinetics with respect to the monomer.  An 
induction period for the polymerization process was observed.  Using C3, this induction period 
was found to be up to 10 h.  The sterically bulky substituents on the phenoxy rings of C3 
resulted in a decrease in the rate of polymerization.   
The above mentioned catalysts produced amorphous polylactides as evident from the  
FT-IR spectra.  DSC analysis showed Tg values between 54 and 56 
o
C for the polymers 
produced.  
The metallodendrimers exhibited very high activity in bulk polymerization reactions.  
However, the polymers produced were largely cyclic polylactides whose molecular weights 
(obtained from GPC) were lower than that predicted using 
1
H-NMR spectroscopy.  This 




acquired it can be concluded that both the mononuclear and dendritic Zn(II) complexes are 
efficient in the polymerization of D,L-LA. 
The palladium complexes, C10 – C14, were evaluated as pre-catalysts, in the 
oligomerization of α-olefins using ethylaluminium dichloride (EtAlCl2) as a co-catalyst.  The 
mononuclear complexes were found to be active in the oligomerization of ethylene with 




 for C11.  The dendrimer based pre-catalysts 
C12 and C13 showed no catalytic activity under the conditions employed. 
Catalyst C10, C11 and C14 produced alkyl toluenes that were detected as uneven carbon 
numbered products after analysing the reaction mixture using GC.  These Friedel-Crafts 
alkylation products are formed by the reaction of toluene with the C4 and C6 oligomers formed 
in the catalytic oligomerization process.  The Friedel-Crafts alkylation is mediated by the co-
catalyst, EtAlCl2 and not by the metal complex.  The transition metal complex does however 
seem to facilitate isomerisation of the α-olefins formed leading to the formation of alkyl 
toluenes with branched alkyl substituents.  Long chain even carbon numbered oligomers were 
obtained after removal of all volatiles from the reaction mixture.  The oligomers ranged from 
C20 to C64 and were isolated as viscous oils. 
Attempts to oligomerize higher olefins such as 1-hexene were not successful instead 
Friedel-Crafts alkylation of toluene similar to that observed with the ethylene oligomers 
occurred.  The palladium complexes also isomerized 1-hexene to the internal isomers.  
However the internal hexene isomers were also subsequently consumed in the alkylation 






In hierdie tesis word die sintese en katalitiese toepassing van nuwe enkelkernige en 
meerkernige metaal komplekse van salisielaldimien (N,O) en pirrolielaldimien (N,N) ligande 
beskryf.  Die enkelkernige komplekse is gesintetiseer deur van enkelkernige ligande gebruik te 
maak, terwyl die meerkernige komplekse vanaf dendritiese ligande verkry is.   
Die monofunksionele salisielaldimien ligande (L1 – L3) is gesintetiseer deur Schiff-basis 
kondensasie van n-propielamien met `n geskikte aldehied; 2-hidroksielbensaldehied,  
3-
t
butiel-2-hidroksielbensaldehied en 3, 5-
t
di-butiel-2-hidroksielbensaldehied onderskeidelik.  
Dendritiese eweknieë is verkry deur die oppervlakkige groepe van `n eerste of tweede 
generasie poli(propileenimin) dendrimeer  [(DAB-(NH2)n (n = 4 of 8)], wat kommersieël 
beskikbaar is met die voorafgenoemde aldehiede, te modifiseer om ligande (L4 – L9) te 
verkry.  Sink komplekse (C1 – C9) en palladium komplekse (C14 – C17) is verkry deur elk 
van die ligande met onderskeidelik diëtielsink of palladiumasetaat te reageer.  
Die pirrolielaldiminato Pd(II) komplekse is verkry deur van `n soortgelyke protokol as 
die van salisielaldimien gebruik te maak.  Die ligande is gesintetiseer deur die kondensasie van 
pirroliel-2-karboksialdehied met onderskeidelik n-propielamien, 2, 6-dissopropielanalien of die 
eerste en tweede generasie DAB-(NH2)n dendrimere om ligande (L10 – L13) te verkry.  
Hierdie ligande is later met palladiumasetaat gereageer om komplekse C10 – C13 op te lewer. 
Die ligande en metaalkomplekse is volledig gekaraktariseer deur van verskeie analitiese 
tegnieke gerbuik te maak.  Dit sluit in KMR, FT-IR en ICP-AE spektroskopie, massa 
spektroskopie en mikroanaliese.  Termiese analise (TGA en DSC) is uitgevoer om die termiese 
eienskappe van die metallodendrimere te bepaal.  Enkelkristal X-straaldiffraksie analise van 
kompleks C14 is uitgevoer om die molekulêre struktuur te bepaal.  Die struktuur lewer `n 
effens verwronge vierkantigvlakkige geometrie rondom die metaalkern met die imino 




Die Zn(II) komplekse is geëvalueer as katalisatore in die ring opening polimerisasie 
(ROP) van D,L-lactied (D, L-LA).  Die reaksies is gevolg met 
1
H-KMR en die polilaktiede wat 
verkry is, is gekaraktariseer deur van FT-IR en KMR-spektroskopie, GPC, SEM, TGA en DSC 
gebruik te maak. 
Vyf enkelkernige komplekse (C1 - C3, C18 en C19), is aktief as katalisatore in die 
polimerisasie van D, L-LA in oplossing terwyl daar gevind is dat die metallodendrimere meer 
doeltreffend in grootmaat polimerisasie van die monomeer was.  Die substituente op die 
fenoksie eenheid is verander om die uitwerking daarvan op die polimerisasie te ondersoek.  Die 
ongesubstitueerde enkelkernige kompleks C1 is gevind om die mees aktief te wees deurdat dit 
hoë monomeer omskakeling by verskillende metaal konsentrasies getoon het.  Die 
polimerisasiesnelheidskonstante (kapp) vir C1 by verskillende Zn konsentrasies is gevind om 




 te wees vir [Zn] = 0.01, 0.02 en 0.04 M onderskedelik.  Die studie 
het ook getoon dat die reaksies eerste orde kinetika volg ten opsigte van die monomeer.  `n 
Induksie tydperk vir die polimerisasie is ook waargeneem.  Vir kompleks C3 is die induksie 
tydeperk gevind om tot 10 ure te wees.  Die steriese lywige substituente op die fenoksie ringe 
van kompleks C3 het `n afname in die tempo van polimerisering getoon. 
Die bogenoemde katalisator het amorfe polilaktiedes geproduseer soos getoon deur  
FT-IR.  DSC analise het getoon dat Tg waardes tussen 54 en 56 °C vir die polimere wat gevorm 
is. 
Die metallodendrimere het baie hoë aktiwiteit getoon in grootmaat 
polimeriseringsreaksies.  Hierdie polimere was egter grotendeels sikliese polilaktiedes met 
molekulêre massas (verkry vanaf GPC) laer as wat deur 
1
H-KMR voorspel is.  Dit het daarop 
gedui dat intra-ketting trans-esterifikasie reaksies plaasgevind het.  Hierdie data het getoon dat 





Die palladium komplekse, C10 - C14, is geëvalueer as pre-katalisatore in die 
oligomerisasie van α-olefiene deur etielaluminium dichloried (EtAlCl2) as kokatalisator te 
gebruik.Die enkelkernige komplekse is gevind om aktief te wees in die oligomerisasie van 




 vir C11. Die dendrimeer 
gebaseerde pre-katalisatoreC12 en C13 toon egter geen katalitiese aktiwiteit onder hierdie 
reaksie kondisies nie. 
Karalisatore C10, C11 en C14 het alkiel tolueen produkte tot gevolg gehad.  Hierdie 
produkte is waargeeem as onewe-koolstof genommerde produkte nadat die reaksiemengsel met 
GC geanaliseer is.  Hierdie Friedel-Crafts alkilerings produkte word gevorm deur die reaksie 
van die tolueen met die C4 en C6 oligomere wat gevorm word tydens die oligomerisasie proses. 
Die Friedel-Crafts alkilering word gemedieer deur die kokatalisator, EtAlCl2 en nie deur die 
metaal kompleks self nie.  Die oorgangsmetaal kompleks fasiliteer egter die isomerisasie van 
α-olefiene wat lei tot die vorming van alkiel tolueen met vertakte alkielsubstituente. Lang 
ketting ewe-koolstof genommerde oligomere is verkry na die verwydering van alle vlugtige 
verbindings vanuit die reaksiemengsel.  Die oligomere het gewissel van C20 tot C64 en is 
geïsoleer as viskose olies. 
Pogings om hoër olefiene soos 1-hekseen te oligomeriseer was nie suksesvol nie.  In 
plaas daarvan is  Friedel-Crafts alkilering van tolueen, soortgelyk aan wat waargeneem is met 
die etileen oligomere, gevind. Die palladium komplekse het ook 1-hekseen na interne isomere 
geisomeriseer.  Die interne hekseen isomere is egter daarna opgebruik in die alkilering wat 
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Chapter 1 : Salicylaldimine and Pyrrole-imine 
Schiff Base Complexes as Catalyst with an 







Development of coordination chemistry has been greatly influenced by Schiff base 
ligands because they form stable transition metal complexes.
1
  Schiff bases stabilise many 
metals in various oxidation states.  These coordination compounds have been investigated for 
various applications including catalysis 
2, 3
 and bioinorganic chemistry.
4-6
  They are typically 
formed via the condensation of a primary amine and an aldehyde (ketones will also form 
imines of type R1R2C=N-R3, but the reaction tends to occur less readily than with 
aldehydes).
7
  The resultant functional group R1HC=N-R2 is called an imine and is capable of 
binding metal ions via the N atom, especially when used in combination with one or more 
other donor atoms to form a chelating ligand.
8
  Introduction of various substituent groups, R 
including aryls or alkyls, allows for the tailoring of ligands with varied steric and electronic 
properties.  In addition chiral aldehydes or amines can also be used.  This facilitates control 
of the performance of the metal complexes in a variety of useful catalytic transformations.  




There are various types of Schiff base ligands with pyrrolylaldimine and 
salicylaldimine being two such examples.  These two classes of ligands, pyrrolylaldimine and 
salicylaldimine, are closely related.  Salicylaldimine Schiff base ligands are formed from 2-
hydroxylbenzaldehydes while pyrrolylaldiminato ligands are synthesized using  
pyrrole-2-carboxaldehydes.  General structures of salicylaldimine and pyrrolylaldiminate 
Schiff base compounds are shown in Figures 1.1 and 1.2 respectively.
10
  The main difference 
between these two ligand systems is that salicylaldimine is an N,O chelate forming a six-
membered ring with the metal ion while the pyrrolylaldiminate is an N,N chelate that yields a 
five-membered ring on coordination.  These metal complexes exhibit specific chemical 

















    R = Aryl or alkyl 
Figure 1.2: General structure of a pyrrolylaldiminato complex 
 
This chapter is a review of Schiff base transition metal complexes with a particular 
emphasis on the salicylaldimine and pyrrolylaldiminate system.  Their applications in various 
catalytic processes especially olefin oligomerization or polymerization as well as the ring 
opening polymerization of cyclic esters.  We also discuss dendrimer supported Schiff base 
metal complexes and their catalytic applications. 
 
1.2: Salicylaldimine (N,O) ligands and their metal complexes 
Salicylaldimines are an extensively studied class of chelating ligands in the 
coordination chemistry of main group and transition metals.  Salicylaldiminato metal 
complexes can be obtained by the reaction of the salicylaldimine ligand with an appropriate 




formation of a bidentate mono-anionic N,O donor ligand.  These complexes can either be 
mono- or bis- salicylaldiminato complexes depending on, the steric properties of the ligand, 
the nature of the metal salt used as well as the presence of other auxiliary ligands.  Numerous 





 reported bis(N-isopropylsalicylaldimine) iron(II) and Zn(II) complexes, 
Figure 1.3.  The Fe(II) complex, 3a, also formed an oxo-bridged dinuclear Fe(III) complex on 









     3a: M = Fe 
     3b: M = Zn 





 also observed that Zn(II) N-propylsalicylaldiminato complex, Scheme 
1.1, can be inter-conversion from bis(N-n-propylsalicylaldiminato) zinc(II) to dichloro-bis(N-
n-propylsalicylaldiminato) zinc(II) by addition of either a base or acid.  In the dichloro-bis(N-
n-propylsalicylaldiminato) Zn(II) complex, the salicylaldimine ligands were deprotonated 
and bound to the zinc atom through the phenolic oxygen while the imino nitrogen was 

























Scheme 1.1: Inter-conversion of Zn(II) (N-Propylsalicylaldiminato) to dichlorobis (N-






 synthesised a mononuclear zinc(II) compound (6), Figure 1.4, derived from 
one zwitterionic form of the Schiff base (E)-2-[(3-dimethylaminopropylimino) methyl]-
phenol and two iodide ligands, (compound 6).  The Zn(II) atom was four-coordinated with 
tetrahedral coordination geometry.  In the solid state, intermolecular N—H·····O hydrogen 














Mononuclear and binuclear aluminium hydride complexes were reported by Martínez 
and co-workers.
20
  In these complexes, bulky substituents on the imino nitrogen determined 
the nature of the complex, Figure 1.5.  An Al(III) dimer, 7c, was obtained when the imino 
moiety was a 
t
butyl group.  However, when the imino moiety was replaced with an aromatic 





























7a: R = 2, 6-Me2C6H3  7b: R = C6F5   7c: R = 
t
Butyl 




Binuclear metal complexes can also be obtained when a tridentate ligand is used.  Tas 
and co workers
20
 reported Cu(II), Ni(II), V(IV) and Mn(II) metal complexes, 8a – 8d, with an 
N-(2-hydroxyphenyl)-3,5-
t
butylsalicylaldimine ligand, Figure 1.6.  
Kasumov
21
 published a series of Ni(II) bis[N-(2,6-
t
butyl-1-hydroxyphenyl) 
salicylaldiminato] complexes bearing OH and MeO substituents on the salicylaldehyde 
moiety at various positions, Figure 1.7.  In the solid state and in dioxane these complexes 
appeared to be tetrahedral in geometry while in non-donor solvents they were square planar.  
Another property observed was that in solution the OH-substituted complexes formed six-



















8a: M = Cu(II),  
8b: M = Ni(II)  
8c: M = V(IV) 
8d: M = Mn(II) 
 


















9a: X = 3-OH  9e: X = 5-OH 
9b: X = 3-OMe 9f: X = 5-OMe 
9c: X = 4-OH  9g: X = 4, 6-di-OH 
9d: X = 4-OMe 9h: X = 3, 4 –di-OH 
 




Similar to the Ni(II) complexes above, Kasumov and Köksal
22
 also reported some 
Cu(II) analogues, 10a and 10b.  These copper complexes have two (N-(2,6-di-phenyl-1-
hydroxyphenyl) salicylaldimine ligands bearing either a hydrogen or bulky 
t
butyl substituent 





















   10a: R = H   10b: R = 
t
butyl 






 observed that the nature salicylketiminato Ni(II) complexes, Figure 
1.9 was controlled by the substituent on the ketimine N as well as the reaction protocol.  At 
an exact 1:2 mole ratio of trans-[(PPh3)2Ni((Ph)Cl] to ligand, a mixture of mono- and bis-
ligated salicylketiminato Ni(II) complexes were obtained.  When a slight excess of sodium 
salt of the ligand was used in the reaction, the bis-ligated complexes are formed as the major 
product with only traces of 11a and 11b. Complex, 11e, was readily formed due to the 
influence of the phenyl group on the ketimine carbon in the ligand.  The phenyl group allows 
for faster dissociation of the second PPh3 thus increasing the tendency to form a bis-ligated 
complex.  These salicylketimine ligands were found to form bis Ni(II) complexes more 





































 = CH3, R
2
 = H,  Ar =2, 6-diisopropylaniline 
11b: R
1
 = CH3, R
2
= 5, 6-benzo, Ar =2, 6-diisopropylaniline 
11c: R
1
 = CH3, R
2
 = H,   Ar =2, 6-diisopropylaniline 
11d: R
1
 = CH3, R
2
 = 5, 6-benzo, Ar =2, 6-diisopropylaniline 
11e: R
1
 = Ph, R
2
 = H,  Ar =2, 6-diisopropylaniline 
 




1.2.1: Catalytic applications of salicylaldiminato metal complexes 
A wide range of salicylaldiminato complexes have been reported and evaluated for 
various catalytic processes such as ring opening polymerization processes of heterocyclic 
monomers and in olefins polymerization  reactions.
25-31
 
Non-symmetric neutral salicylaldiminato Pd(II) complexes have been evaluated as 
norbornene polymerization catalysts, Figure 1.10.  Catalyst activities and polymer yields 
were found to depend on reaction temperature, concentration of norbonene, and Al:Pd ratio.  
Activities of up to 8.52 x 10
6




 for 12a were obtained at the optimal 
reaction conditions of Al/Pd = 2000, norbornene/Pd = 5.2 x 10
4
, 30 °C after only 10 min of 
reaction time.  The other two catalysts, 12b and 12c, gave lower activities of 5.64 and 3.21 x 
10
6




 respectively under similar condition as those used for 12a.  The 




temperatures either below or above 30 °C, polymer yield decreases by half for these three 
















































The neutral Ni(II) salicylaldimine complexes, Figure 1.11, have also been found to be 
active catalysts for the polymerization of ethylene under mild conditions in the presence of a 
phosphine scavenger such as Ni(COD)2 or B(C6F5)3.  The most active catalyst was 13g with a 
TOF of 2.53 × 10
5




, however under similar conditions 13a gave a TOF of 
2.67 × 10
4




.  Increasing the bulkiness of R
1
 resulted in increased 
polymerization activity.  Activity followed the order of 13e > 13d > 13c > 13b > 13a.   
The electronic effects were investigated by attaching a substituent in the para-position 
relative to the phenoxyl group in the salicylaldimine ligand.  Electron donating groups such 
as -OMe, 13f, reduced the catalytic activity while electron withdrawing groups, 13g, were 
found to greatly enhance the activity.  These authors also reported a direct correlation 
between the TOF and the PDI.  13g gave polymers with very high molecular weight 




An induction period was observed in compounds 13a, 13f and 13g ranged from 5 to 20 
min, typical of the SHOP system due to the slow insertion of ethylene into the Ni-Ph bond.  


















 = H,   R
2







 = H 
13c: R
1
 = Ph,   R
2
 = H 
13d: R
1
 = 9-phenanthrenyl, R
2
 = H 
13e: R
1
 = 9-anthracenyl,  R
2
 = H 
13f: R
1
 = H,   R
2
 = OMe 
13g: R
1
 = H,   R
2
 = NO2 
 
Figure 1.11: Neutral Ni(II) salicylaldimine complexes 
 
Recently Lu et al.
36
 reported mono- and bis(salicylaldiminato) Ni(II) complexes, Figure 
1.12, that were active catalyst for the polymerization of MMA in the presences of MAO as 
co-catalyst.  Both the mono- and bis(salicylaldiminato) Ni(II) complexes exhibited high 
activities.  Compound 14e was used for screening and optimization of the reactions 
conditions and the best parameters were selected based on the activity and the Mn of the 
polymer obtained.  The optimal conditions were selected as Al/Ni ratio of 150 at 60 °C in 
toluene as solvent.  However the highest activity was obtained as 2.9 × 10
4





 at an Al/Ni = 300 and the highest Mn of 1.26 × 10
6
 at a lower Al/Ni = 100.  Under 
the optimal conditions, reaction temperature variation showed that 40 °C produced the 
highest activity of  3.27 × 10
4




 and a Mn of 1.13 × 10
6
.  At lower 
temperature of 20 °C a lower activity was obtained but with a slightly higher Mn.  Longer 




half.  At 0.5 h an activity of 1.14 × 10
5




 was obtained, however after 1 
h the activity had declined to 6.52 × 10
4




.  This was attributed to 
catalyst stability and lifetime.  The polymer molecular weight nevertheless increased to 9.13 
× 10
5
 from 7.6 × 10
5
.  Solvent also played a vital role.  CH2Cl2 was the best solvent in terms 
of both the activity and Mn.  THF showed no activity.  This was attributed to its stronger 
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At the optimal conditions of Al:Ni = 150, reaction temperature of 40 °C and 23.4 mmol 
MMA in CH2Cl2, all the other complexes were evaluated.  The substituents on the phenoxy 
moiety of the salicylaldimine greatly influenced the rate of polymerization with the presence 
of bulky substituents resulted in lower activity.  Compound 14a which has the least steric 
interference of the three salicylaldiminato catalysts, 14a - 14c, showed the highest activity of 
1.15 × 10
5




 as well as the highest Mn of 5.35 × 10
5
.  A direct 




more active than 14d with activities of 4.04 and 2.04 × 10
4





respectively.  They attributed this trend to the easier accessibility of the active metal site in 
14b as compared to 14d.  The highest activity as well as Mn was obtained with 14e.  In this 
complex the substituents in the N-aryl moiety produce less steric hindrance as compared to 
the iso-propyl in 14d thus favouring the MMA insertion.  The polymers produced by the 
catalyst systems showed very little differences in the microstructure.   
Aluminium complexes as shown in Figure 1.13 were evaluated as catalysts in 
combination with 1 equiv. of B(C6F5)3 as co-catalyst for ethylene polymerization.  Only 
complexes 15a and 15b were active catalysts with 15b being more active than 15a.  Under 






 was obtained for 15a 





























An average molecular weight (Mw) of 1.72 × 10
5
 and Mn of 2.4 × 10
3
 was obtained for 
15a whilst 15b gave Mw of 2.18 × 10
5
 and Mn of 5.2 × 10
3
.  The labile pendant donor arm in 
15a and 15b is an important feature in the polymerization mechanism.  The labile donor arm 
provides a pathway for ethylene to approach the aluminium centre.  In contrast the N-




metal bonds thereby reducing the propensity for dissociation of the coordinating arm to 
generate an active centre. 
A series of Co(II) salicylaldiminato complexes, Figure 1.14, were reported by 
Chandran et al.
38
  They were observed to be active catalysts for the polymerization of 1,3-
butadiene (BD) in the presence of ethylaluminum sesquichloride (EAS).  Moderate 
conversion ranging from 47 % to 57 % in 10 min with the order of conversion being 16a > 
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Figure 1.14: Co(II) salicylaldiminato complexes reported by Chandran et al.
38 
 
The monomer concentration as well as temperature was observed to play a role in the 
rate of polymerization.  Compound 16a showed an increase in conversion from 29 to 57 % 
when the concentration of the BD was varied from 0.2 to 0.7 M at 30°C.  Negligible activities 
were obtained at temperatures lower than 20 °C for 16a and 16d.  At temperature above  
30 °C, only a slight increase in conversion was recorded.  Moderate molecular weights (Mw) 
of between 2.26 and 3.82 × 10
4
 were obtained with PDI values ranging from 1.29 to 2.36.  
These catalysts were also highly selective for cis-1, 4-polybutadienes (94 %) with negligible 
amounts of 1, 4-trans (2.32 %) and 1, 2-addition products (3.37 %) in the s reactions carried 




Phenoxy-imine Al(III) complexes, Figure 1.15, were synthesised and evaluated as 
catalyst precursors for ring opening polymerization (ROP) of ε-caprolactone (ε-CL) in the 
presence of n-BuOH (1.0 equiv. to Al) by Lui and co-workers.
39
  These researchers observed 
that the catalytic activity of the complexes was highly influenced by the electronic and steric 
properties of the substituent on the imino nitrogen.  At 60 °C the catalytic activity order was: 
17i > 17h > 17a > 17g > 17e > 17d > 17f.  It was observed that the Mn of the polymer could 
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A linear relationship between the Mn and the turn over number (TON) values was 
reported.  Complex 17i was observed to be the best catalyst.  Under diluted conditions a TON 
of 370 was obtained after 20 min and giving polycaprolactone with a low PDI of 1.19.  
Complex 17d was significantly less active achieving 86 % monomer conversion after 48 h 
with TON of 215 and a slightly higher PDI of 1.72 for the polymer obtained.  This suggests 




 published another type of dimethylaluminum(III) compounds,  




caprolactone (ε-CL), L-lactide (L-LA) and D, L-Lactide (D,L-LA).  These compounds were 
observed to be efficient initiators in both homo- and co- of these cyclic esters in the presence 
of MeOH at 70 °C.  The catalytic activity followed the order: 18a>18b>18c.  These 
compounds showed poor activity at room temperature.  At higher temperature, moderate to 
high conversions were obtained.  Compound 18a polymerized all the ε-CL in 2 h at a reaction 
temperature of 70 °C and a ε-CL:Al molar ratio of 360:1.  A linear correlation between the 
polymer molecular weight and the conversion was observed.  The PDI also remained narrow 
until nearly complete consumption of the monomer and broadens over longer reaction times 
with trans-esterification reactions becoming significant.  A cationic analogue of 18c 
generated in-situ by the abstraction of the methyl group in the presence of B(C6F5)3 gave low 
conversion of 13 % even after 7 h at 70 °C with the polymer having a PDI of 1.66. 
In lactide polymerization, these complexes behaved as single-site initiators giving rise 
to controlled polymerization with narrow molecular weight distributions.  The three catalysts 
(Fig. 1.16) needed up to 96 h to achieve conversions >90 % for L-LA at a L-LA:Al molar 
ratio of 96:1 at 70 °C.  Under the same conditions, the  of D, L-Lactide progressed at similar 
rate except for 18a which required up to 120 h for 85 % of the D, L-Lactide to be 









18a: Ar = C6H5 
18b: Ar = 2,6-
i
PrC6H3 
18c: Ar = C6F5 
 







Complex 18c was also investigated for the random copolymerization of ε-CL/L-LA and 
ε-CL/D,L-LA.  The copolymers were prepared by mixing in appropriate proportion of the 
two monomers in toluene, at 70 °C with 1 equiv of MeOH and a reaction time of 96 h.  When 
ε-CL was added in equal molar proposition to any of the other two monomers, the percentage 
of the CL in the copolymer was less in comparison to the other monomer.  This is in contrast 
to the homo-polymerization of CL and LA since CL polymerizes much faster than LA.  In all 
cases, the obtained copolymers had random sequences, with percentage of heterodiads being 
higher than 50%.  They attributed this phenomenon to the random ε-CL/LA co. 
Nimitsiriwat et al.
41
 showed that the reaction of salicylaldimine (ortho-iminophenol) 
with Sn(NMe2)2 yielded either mono- and bi-nuclear complexes, (19a-19c), Fig. 1.17.  The 
nature of the product was determined by the steric and electronic characteristics of the N-
substituent.  Bulky substituent groups such as 
t
butyl on the N-aryl moiety gave a mixture of 
mono- and bis- ligated complexes.   
However when bromine was introduced, the imino carbon is activated towards 
nucleophilic attack forming a tridentate dianionic aminoamidophenoxide ligand (20), Figure 
1.18.  Such carbon activation has not been reported before when the halo substituents are 
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These complexes initiated ring-opening polymerization of D, L-lactide.  Complexes 
19a, 19b and 20 showed similar activities, but propagation with 19c was at a slower rate.  
Compound 19a was the most active with 92 % of the D, L-Lactide converted after 1 h in 
toluene at 60 °C and at [LA]:[Sn] = 100.  However the polylactides had a high PDI value of 
1.4 which was attributed to trans-esterification.  Compounds 19b and 20 had well-controlled 




Conversion of 92 % was obtained for 19b and 93 % for 20 in 100 min.  Compound 19c 
showed an induction period of almost 5 h with 94 % conversion after 24 h. 
Nimitsiriwat and co-workers
42
 also synthesised another type of Sn(II) complexes (21a - 
21c), Figure 1.19 that polymerized D, L-lactide.  These complexes initiated polymerization at 
60 °C, in toluene at LA/Sn = 100 affording polymers with well-controlled molecular weights.  
High conversions of 91 %, 95 % and 94% were obtained after 1 h for 21a, 21b and 21c 
respectively.  A linear relationship was also observed between the D, L-lactide:Sn ratio and 
Mn of the polymer obtained.  These three complexes gave similar reaction rates (kapp) 


























Darensbourg et al. 
43
 reported a series of Zn(II) complexes based on salicylaldimine 
ligands, Figure 1.20.  These Zn(II) complexes showed varying activities as catalyst 
precursors for the co-polymerization of CO2 and cyclohexene oxide with activity of up to 16 
g PC (mol Zn)-1 h-1 being obtained for 22a at 80 °C and 55 bar.  The polycarbonates 
obtained were of high molecular weight.  The catalytic efficiency decreased in the order 22a 




 respectively.  








 on the various 
steps of the co-polymerization process.  In 22a and 22e the methyl group displays an electron 
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Mononuclear and trinuclear Zn(II) metal complexes of ligands shown in Figure 1.21 
were prepared by Jones et al.
44
.  The trimetallic complexes were obtained with ligands 23a 
and 23b only.  These complexes comprised two ligands, three zinc atoms and four acetate 
groups.  Mononuclear complexes were obtained for 23c to 23g even after the stoichiometric 
ratio of Zn(OAc)2·2H2O : ligand was changed from 1:1 to 1:2.  The presence substituents in 
either of the phenyl ring highly influenced the nature of the product.  
These Zn(II) complexes polymerized D, L-lactide in melt conditions at 130 °C and a 
lactide:Zn:ratio of 300:1.  They showed reasonable conversions over a period of time ranging 
from 30 minutes to two hours.  The mononuclear complex 23f was the best catalyst with 80 
% conversion after 30 min.  The least active complexes were those of 23d and 23e giving 10 
and 20 % conversion respectively even after 2 hours.  However, the trinuclear complexes 
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Figure 1.21: Salicylaldimine ligands used in the synthesis of mono and tri-nuclear Zn(II) complexes 




A heterogeneous salicylaldiminato Zn(II) system (24), Figure 1.22 , was shown to 
initiate the polymerization of lactide but with less efficiency compared to the homogeneous 


















In the case of the Zn(II) complex for 23a, higher Mn polymers were obtained over time 






as compared to 5.14 × 10
4
 after 2 h.  The PDI values of the polymers ranged from 1.34 to 
1.85.  Complex with the least steric hindrance gave polymers with the highest PDI values.  
The heterogeneous catalyst system gave polymers with the lowest values of 1.34. 
 
1.3: Pyrrolylaldiminate (N,N) ligands and their metal complexes 
Metal complexes containing the pyrrolyl moiety (pyrrolylaldiminate) have received 
much less attention as compared to salicylaldiminato analogues.  Reports have shown that 
they are excellent ligands for both transition and main group metals.  These complexes have 
predominantly shown the type I bonding mode as shown in Figure 1.23 
10, 45, 46
.  However, a 
few exceptions have been reported.  Lewinśki et al.47 reported a pyrrolylaldiminate 
bifunctional ligand that exhibited novel and diversity of bonding modes of type II and III, 
Figure 1.23 for Mg and Zn in the solid state.  The magnesium complex was a 
centrosymmetric dimer with (µ-N)2 bridges, type II.  The zinc dimers were formed by 
intermolecular bonding of the unsaturated metal centres and the one of the carbon atoms of 
the pyrrole ring from the adjacent monomeric molecule reflecting the formation of the Zn…π 
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 published a pyrrole-imine Ru (II) complex of type I with other ancillary 













Figure 1.24: Example of a Ru (II) pyrrole-imine complex  
 
A series of 2-iminopyrrole cobalt complexes were reported by Carabineiro and co-
workers, Figure 1.25.
46, 49
  Complexes 26a - 26e displayed tetrahedral geometry which is the 
preferred geometry for four coordinate Co(II) compounds while 26f revealed a square planar 
geometry.  In the case of 26f, the square planar geometry is slightly more stable than the 
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Bis-pyrrolylaldiminato nickel (II) complexes, 27a and 27b, were isolated after the 
treatment of the sodium salt of the ligand with NiBr2(DME) (DME = 1,2-dimethoxyethane), 


















  27a: R = Me 
  27b: R = 
i
Pr 





However, the use of a different nickel source, Ni(COD)2 (COD = 1,5-cyclooctadiene, 
resulted in compound 28 which is a mono- (iminomethylpyrrolide) Ni(II) complex where the 
coordinated COD undergoes isomerisation resulting in a cyclooctenyl ligand to give an ŋ3-
allyl-type organonickel complex. 
 
1.3.1: Catalytic applications of pyrrolylaldiminato metal complexes 
The main application for the published pyrrolylaldiminato metal complexes is in 
polymerization and oligomerization of α-olefins exhibiting moderate to high activities.51-54  
Ti(IV) bis(pyrrolylaldiminato) complexes have been reported as good catalysts for homo- as 
well as co-polymerization as of 1-alkenes as well as cyclic alkenes. Zr and Hf bis(pyrrolide-












 prepared a Ti(IV) complex having two bidentate pyrrolide-imine 
chelating ligands, Figure 1.27.  These complexes were evaluated in the polymerization of 
ethylene with MAO as co-catalyst.  They displayed very high activities and produced high 
molecular weight polyethylene.  Activities of 1.4 × 10
7




 were obtained and 
these are comparable to what was obtained using Cp2TiCl2.  The polyethylene had a Mw of up 
to 2.6 × 10
6
.  Alternatively, using [Ph3C]B(C6F5)4/i-Bu3Al as a co-catalyst yielded ultrahigh 
molecular weight polyethylene (Mw > 4.0 × 10
6
) and slightly lower activities of 1.5 - 2.0 × 
10
6




.  A PDI of the polyethylene was 2.21 typical of single-site titanium 
catalysts.  Complexes 29b and 29c exhibited lower activities of 4.0 × 10
2
 and 8.0 × 10
5





 with relatively high Mw values of 4.12 × 10
5
 and 4.41 × 10
5
 respectively.  
Complex 29d showed very high activity of 1.4 × 10
7




 with a very high Mw 
value of 2.6 × 10
6
.  These are the highest activities reported for homogeneous titanium 
complexes which do not contain cyclopentadiene (Cp) ligands.  It was observed that an 
increase in the bulkiness of the imino N substituent, (R) resulted in enhanced activity.  This 
activity enhancement was attributed to the effective separation between the cationic active 
species and the anionic co-catalyst as a result of the attachment of bulkier alkyl substituents 











29a: R = Ph 
29b: R = Et 
29c: R = n-hexyl 
29d: R = cyclohexyl 
 






Dibenzyl hafnium (IV) complexes with pyrrolide-imine ligands, Figure 1.28, were 
synthesised by Matsui et al.
54 
 Complex 30c showed activity of up to 2.2 × 10
6







 with a Mw value of 8.8 × 10
4
 in the presence of triisobutylaluminium (i-











30a: R = 1-
i
Pr-4-methylbenzene 
30b: R = 
i
Pr 
30c: R = 
t
butyl 
Figure 1.28: Dibenyzl Hf(IV) pyrrolylaldiminato complexes reported by Matsui et al.
54 
 
When [Ph3C[[B(C6F5)4] was used as a co-catalyst in the presence of 
i
Bu3Al, a polymer 
with a PDI of 2.1 was obtained.  This compares favourably with PDI values normally 
obtained for other single site catalysts.  Complex 30c in the presence of MAO as the co-
catalyst showed activity of 1.2 × 10
6






.  This activity is in the same 
order of magnitude as that of titanium complexes with pyrrole-imine ligands under the 
similar polymerization conditions. 
Zr(IV) analogues and other Hf(IV) pyrrole complexes were also prepared and evaluated 
for ethylene polymerization by Matsui et al..
57
  The hafnium complexes with tertiary alkyl 
substituents, 31d and 31e, showed better activity compared to those with secondary alkyl 
groups, 31c, Figure 1.29.  Only traces of polyethylene were observed when complex 31c was 
evaluated in the presence of B(C6F5)3/(
i
Bu3Al) or MAO as co-catalysts.  Cationic complexes 
of 31d and 31e generated by the in-situ reaction with B(C6F5)3/
i
Bu3Al showed high activity 
of 2.2 and 2.1 × 10
6










complexes 31d and 31e produced polyethylene at activities of 1.3 and 6.2 × 10
6



















31a: R = 4-
i
PrPh, M = Hf   31e: R = 1-adamantyl, M = Hf 
31b: R = 
i
Pr, M = Hf    31f: R = 4-
t
butyl-cyclohexyl, M = Zr 
31c: R = 4-
t
butyl-cyclohexyl, M = Hf  31g: R = 
t
butyl, M = Zr 
31d: R = 
t
butyl, M = Hf,   31h: R = 1-adamantyl, M = Zr 
 




These hafnium catalysts produced multimodal polyethylene with high PDIs, possibly 
caused by the gradual generation of the active species and/or isomerisation of the active 
species under the polymerization conditions.  The zirconium complexes follow similar 
polymerization trends to that of the Hf, notably, complex 31f displayed no activity.  In the 
presence of MAO, complexes 31g and 31h showed higher activity than the Hf(IV) analogues 
giving TOF values of 1.8 and 2.3 × 10
7






.  However, when 
B(C6F5)3/
i
Bu3Al was employed as co-catalyst, lower activities of 7.46 and 17.6 × 10
5





 were obtained, such activities being lower than those of the Hf(IV) catalysts.  







 documented Ni(II) complexes with two pyrrolylaldimine ligands, 
Figure 1.30.  However for complex 32, the nickel atom is bound to one of the imino-pyrrolide 
ligand only via the N(imine) leaving the pyrrole nitrogen free.  This allowed for the 
coordination of the bromide ligand.  They found these complexes to be highly active catalysts 
in the polymerization of methyl methacrylate in the presence of MAO (Al:Ni = 12.5).  These 
two complexes showed activity of 2.9 and 3.7 × 10
4




 for 32 and 33, 
respectively at room temperature.  The polymers obtained had a molecular weight of Mw = 
5.42 to 6.66 × 10
4




 with narrow PDI of 1.3 – 1.4.  At higher 
temperatures of 110 °C and 75 °C compound 32 displayed a higher activity of 8.4 and 4.4 × 
10
4




 but at 0 °C, it was almost inactive.  The % rr values of PMMA 
decreased from 72.1 to 58.2% with an increase in temperature, and a similar trend was 



























Figure 1.30: 2-(N-arylimino)pyrrolide Ni(II) complexes reported by Li and co-workers
61 
 
Neutral Ni(II) complexes, 34a - 34d, with only one pyrrole-imine and two other 
auxiliary ligands were reported by Li et al.
 51
.  These complexes exhibited high catalytic 
activities for the vinylic polymerization of norbornene in the presence of MAO.  Variation of 




well as the molecular weights.  The activity ranged from 3.6 × 10
6





Al:Ni ratio of 1000:1 to 8.8 × 10
6
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Figure 1.31: Neutral Ni (II) complexes of pyrrole imine with other auxiliary ligands reported by 




Bulky substituents in the ortho position of the aromatic group attached to the imino 
nitrogen atom hindered the insertion of norbornene.  Hence 34a with two large substituents 
displays the lowest catalytic activity and produces polymers with the lowest molecular 
weight.  34d with only one substituent displayed the highest catalytic activity of up to 1.3 × 
10
6




 and produced polymers with the highest molecular weight 
amongst the four catalysts. 
Bellabarba et al.
62
 also synthesised a Ni(II) pyrrolylaldiminato complex, 35, and the 
preliminary catalytic ability in the oligomerization of ethylene in the presence of a phosphine 
scavenger as [Ni(COD)2].  An activity at 25 °C was estimated to be 1.3 × 10
3


























 reported a Cr(II) complex bearing two bulky N,N chelating mono 
anionic pyrrole-imine ligands, Figure 1.33.  Activity of up to 1.2 × 10
5







 in ethylene polymerization was obtained when 36 was evaluated in the 













Asymmetric bi-dentate pyrrolylaldiminato Pd(II) complexes, Figure 1.34, were reported 
by Liang et al.
64 
as highly active catalysts for the production of polynorbornenes when used 
in conjunction with modified methylaluminoxane (MMAO) as a co-catalyst.  Activity 
between 1.68 and 3.84 × 10
6




 was obtained at the optimal Al:Pd ratio of 
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 prepared samarium and yttrium alkyl complexes with two 
pyrrolylaldiminate ligand together with other ligands, Figure 1.35.  These compounds were 
found to be good catalysts for methyl methacrylate (MMA) polymerization.  Compounds 39b 
and 39c were found to be highly active and isospecific for the polymerization of MMA.  
Compound 39b differed from other known lanthanide catalysts showing excellent 
stereoregularity as well as very high molecular weight PMMA.  The polymer produced had a 
mm triad content ranging from 91 to 98 % over a temperature range of -40 to +65 °C.  Most 
reported lanthanide catalyst systems generate syndio-rich or atactic PMMA at ambient 
temperature.  The yttrium complex 39c showed narrow PDIs in the range of 1.24 - 1.98 but 


















39a: M = Sm; R = Me;  Ar = 2, 6-
i
Pr2C6H3 
39b: M = Sm; R = CH2SiMe3; Ar = 2, 6-
i
Pr2C6H3 








Recently Mu et al.
66
 published a bis(imino) pyrrolyl V(III) complex, Figure 1.36, which 
polymerized ethylene and 1-hexene in the presence of Et2AlCl as cocatalyst.  An activity of 






 was obtained in ethylene when 40 was evaluated in the 
presence of Et2AlCl at 50 °C with a Al:V ratio of 500:1.  The polymers obtained were of high 
molecular weight (6.23 × 10
4
) with a PDI of 1.9, which value is typical of single site 
catalysts.   
In ethylene and 1-hexene copolymerization, Et2AlCl was used as a cocatalyst in 







 was obtained at 25 °C, and an Al:ETA:V ratio of 4000:500:1.  The concentration of 




 and only 2 % was successively included onto the 
polymer.  Copolymers obtained had a unimodal molecular weight distribution and Mw value 

















     Ar = 2,6-
i
Pr2C6H3 




The microstructure analysis of these polymers was carried out using the 
13
C–NMR 
spectroscopy.  90 % of the polymers obtained were derived purely from ethylene [EEE].  
Polymers that possessed some extent of isolate 1-hexene units in a majorly ethylene polymer 
chain, [EEH], constituted 6.1 %.  A small fraction of 2.7 % contained alternating sequence of 
ethylene and 1-hexene units, [EHE], with only 0.6 % assigned to two 1-hexene repeat unit, 
[EHH].  No polymers derived purely from 1-hexene [HHH] or of 1-hexene in alternating 




H NMR analysis of 
the low molecular weight copolymers did not reveal the signal of the chain-end double bonds.  
This observation reveals that under the conditions used, chain transfer to the aluminium was 
dominant. 
 
1.4: (Salicylaldiminato) (pyrrolylaldiminato) metal complexes; mixed ligand complexes 
Ti(III) (salicylaldiminato)(pyrrolylaldiminato) complexes were synthesised and 
observed to be good catalysts for olefin oligomerization and polymerization, Figure 1.37.  
These titanium mixed systems were found to be more effective catalysts for both ethylene 
homo and copolymerization with 1-hexene, norbornene, and cyclopentene than the 






Linear polyethylenes of moderately to high Mw’s were obtained using complexes 41a 







 at 20 °C with 5000 equivalents of MAO.  However, when the reaction temperature was 






 was obtained.  












     41a: R = C6H5 
     41b: R = C6F5 
Figure 1.37: Ti(IV) (salicylaldiminato)(pyrrolylaldiminato) metal complex 
 
41b proved to be a much better catalyst in terms of activity but displayed temperature 






 was obtained with a reduction 






 at 50 °C.  Unlike 41a, the Mw and Mn were not greatly affected.   
Pennington et al.
67
 also published the first example of a zirconium 
(salicylaldiminato)(pyrrolylaldiminato) complex, Figure 1.38.  The zircomium systems also 
showed very high activity of up to 10
8






 even at high dilution but very 



















1.5: Other Schiff base metal complexes employed in the polymerization of cyclic esters 
Different types of catalyst/initiators have been employed in the polymerization of 
lactide ranging from main group elements to transition metals and numerous reviews on this 
topic have been written
71-77
  Bulky substituents on the phenoxy donor can be used to 
significantly decrease side reactions.  Electron withdrawing groups (EWG) have been 






 recently reported an in-situ generated Zn (II) complex stabilised by  
N,N-bis[(3,5-dimethyl-1H-pyrazol-1-yl)methyl]-1-phenylethylamine (bdmppea) ligand, 
Figure 1.39.  The complex ZnEt2(bdmppea), 43, polymerizes  D, L-lactide at ambient 
temperature (25 °C) as well as at a very low temperature of -20 °C.  At each temperature, the 
[M]/[I] ratio was varied from 50 to 200.  At 25 °C, high activity was recorded after two hours 
with 93 % conversion being obtained at [M]/[I] = 50 while up to 84 % conversion was 
achieved at [M]/[I] = 200.  However, PDI values of about 1.6 were recorded for the polymers 
in both cases.  This indicated that the polymerization by in-situ prepared catalyst might 
involve other processes such as chain transfer or trans-esterification reactions.  The presence 




activity was observed with only 52 % of the monomer being polymerized after 12 hours at 


















 observed similar lack of stereocontrol with an yttrium alkoxide, 
44b, during the polymerization of D, L-lactide.  Compound 44b, Figure 1.40, gave 
conversions of 97 % after 14 h while 44a showed up to 94 % conversion after  
40 h.  The microstructure of the polymer produced by catalyst 44b was shown to be atactic 
PDLLA.  However, with 44a, highly syndiotactic PLA was obtained with a PDI of 1.05 as 
determined from GPC analysis.  Thus they concluded that this Al alkoxide behaved like a 










     44a: M = Al; R = 
i
Pr 
     44b: M = Y: R = (CH2)2NMe2 






 published a series of both chiral and achiral aluminium salen based 
complexes, Figure 1.41, that initiated the polymerization of D, L-Lactide.  These catalysts 
produced isotactic polylactides with narrow PDI and controlled molecular weights.  
Complexes 45a – 45d polymerized D, L-Lactide in toluene at 70 °C and [LA]/[Al] = 50.  
They showed a decrease in polymerization rate as the bulkiness of the substituents on the 
phenoxide increased.  After 66 h, 45a had converted 57% of the monomer to the moderately 
isotactic polylactide. 
The complexes with an achiral aliphatic backbone, 46a, 46c and 46d, were found to be 
better catalysts.  High monomer conversion of up to 77 % in 15 h was recorded for 46a under 
similar conditions as those of 45a.  The exception in this series was 46b with 36 % monomer 
conversion after 76 h.  The complexes derived from rac-amino acids, 47a and 47b, were 
found to also polymerize lactide.  The polymer obtained were again isotactic with narrow 
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 46b: n = 3 
 46c: n = 4 











47a: R = 2-(methylthio)ethyl 
47b: R = Benzyl 
 








 reported a very active 2,6-diisopropylphenyl substituted diimine zinc 
complex (BDIZnO
i
Pr) complex (Figure 1.42) for the polymerization of  
D, L-Lactide.  Compound 48 achieved 95 % conversion at a [M]/[I] ratio of 200 after 20 mins 
at a temperature of 20 °C.  The GPC analysis of the polymers revealed a PDI of 1.10 and Mn 
of 3.8 x 10
4
 g/mol.  A highly tactic microstructure of the polymer was revealed by 
1
H-NMR 
spectroscopy.  Homonuclear decoupled 
1
H-NMR spectroscopy of the methine region of 
heterotactic PLA showed two intense peaks at δ 5.22 and 5.14 ppm for the rmr and mrm 
tetrads respectively.  On lowering the reaction temperature to 0 °C, stereoregularity of the 
polymers was enhanced but the rate of polymerization was lowered to 95% conversion after 2 























     Ar = 2, 6-
i
Pr2C6H3reported by  





1.6: α-olefin oligomerization and polymerization 
Olefins, particularly C2-C5 are easily available, cheap, reactive, and readily 
transformable into higher α-olefins, C6-C20, which are building blocks for a wide range of 
useful products e.g. biodegradable detergents, lubricants and other useful industrial 




catalytic cracking of paraffins, oligomerization of ethylene, dehydrogenation of paraffins, 





 published a kinetic study of 1-hexene oligomerization reaction with the 
Zr-MAO catalyst system. They used a commercially available (n-Bu-Cp)2ZrCl2 catalyst.  The 
reactions were carried out at 1.4 atm and heated to 70 °C.  After 5 h of reaction time, activity 
of up to 6 × 10
5




 was obtained producing dimer, C12H24, to the 
tetradecamer, C84H168.  Kinetic modelling strongly supported the principal premise that the 
value of the chain propagation rate constant does not depend on the number of monomer 
units in the growing polymer chain.   
Oliveira et al.
86
 synthesised pyrazolyl nickel complexes, 49a - 49d, that were 
catalytically active in ethylene oligomerization reactions in the presence of both MAO and 
Et2AlCl as co-catalysts.  When MAO was used as co-catalyst at Al:Ni ratio of 250, 49a 
displayed TOF values of 1.13 × 10
4




 while complex 49b 
was less active giving a lower TOF value of 3.9 × 10
3





Butene isomers were formed as major product with a small amount of C6, (< 5 %).  The 
selectivity for 1-butene was high.  For example 49b gave 94 % 1-butene of all the total 
amount of the C4 formed in the oligomerization reactions.  Increasing the temperature from 
30 to 60 °C resulted in a notable decrease in TOF from 11.3 to 1.7 × 10
3





 for 49a.  However when the catalyst system with a sulphur-bridged ligand 
bearing methyl substituents was evaluated, i.e., 49c, a very high TOF of 1.04 × 10
5





 was observed.  Larger amounts of 2-butenes (ca. 26 % of the C4 
fraction) were also produced from 49c. 
Although Et2AlCl proved to be a better co-catalyst with TOF values ranging from  
3.4 to 9.1 × 10
4




, relatively poor selectivity for 1-butene 


























 = Me 
    49b: Z =Butylamine ; R1 = R
2
 = Me 
    49c: Z = S; R1 = R
2
 = Me 
    49d: Z = S; R
1
 = H; R
2
 = Ph 




1.7: Dendrimer supported Schiff base metal complexes as catalysts 
There has been enormous interest in supporting homogeneous Schiff base catalysts onto 
organic or inorganic supports.  ―Heterogenised‖ catalysts, in principle, combine the 
advantages of homogeneous and heterogeneous catalysts.  These advantages are the high 
activity and selectivity of homogeneous catalysts and the simple extraction and recyclability 
of heterogeneous catalysts.   
Silica is the most widely used inorganic support.  Most of the complexes can be 
tethered onto silica surfaces through a ligand in the complex which has alkoxy - or 
chlorosilane functional groups (ion pair) that react with surface hydroxyl groups on the SiO2 
or by impregnating the homogeneous catalyst into a solid support.  This may be achieved by 
using an ion-exchange resin to bind anionic catalysts, encapsulating inorganic complexes into 
pores of chemically modified silica such as MCM-22, MCM-41 and MCM-48 or zeolites, or 
covalently binding coordination complexes onto modified silica.
87-92
  Metal complexes can 
also be supported on polymers.
93-96






  A number of reviews on dendrimer and the application of their metal 
complexes have been written.
99-104
 
We reported the preparation of new pyrrole-imine metallodendrimers of Co(II), Ni(II) 
and Cu(II), Figure 1.44.
59, 60
 These complexes were observed to act as catalysts in the 
oxidation cyclohexene and phenol.  Metallodendrimers of copper, nickel and cobalt, 50a - 
50c for example were found to be active in the oxidation of cyclohexene.  50a was found to 
be more active than 50b and 50c with the highest TOF being 30.9, 27.1 and 22.0 mol 













 leads to a reduction in activity 
attributed to catalyst deactivation by dimerization and aggregation of the metal centers with 














      50a: M = Cu 
      50b: M = Ni 
      50c: M = Co 




Under all the conditions investigated, the nickel catalysts were found to be more 





only 50b gave the cyclohexene-oxide accounting for 47 % of the products.  This was the 




Two dendritic complexes, 50a and 50b, also catalysed the hydroxylation of phenol in 
aqueous media over a pH range of 2 – 8 in the presence of H2O2 under oxygen atmosphere.  
Catechol and hydroquinone were obtained as the major products with only small amounts of 
para-benzoquinone being observed in both systems.  The copper metallodendrimer (50a) was 




] values of 6.6 - 10.8, 
as compared to the nickel analogous with 1.3 - 9.5.  The solution pH impacted on both 
activity and selectivity of these metallodendrimers.  Optimal conversion was obtained at pH 3 
for 50a (64.5 %) and at pH 8 for 50b (56.9 %).  However, the nickel complex proved to be 
more selective with up to 99 % selectivity for catechol at pH 6 while 50a gave 63 % 










generation poly(propyleneimine) dendrimeric salicylaldimine ligands, Figures 1.45 and 1.46.  
These complexes were found to be active catalysts in the polymerization of norbornene when 
used with MAO as co-catalyst.  The polymers were found to have moderate Mw and low PDI 
values.  The Ni(II) complex of the 2
nd
 generation, (G2) 52a, showed better activity than the 



















      51a: R = H 











































     52a: R = H 










The highest activity of 7.9 × 10
5




 for 52a was obtained at Al:Ni 
ratio of 4500:1 whereas that of 51a was 3.3 x 10
5




 at Al:Ni ratio of 
4000:1.   
51a and 52a were also evaluated as ethylene oligomerization catalysts in the presence 
of EtAlCl2 as co-catalyst. 
 
MAO and Et2AlCl proved to be ineffective as co-catalysts for the 
oligomerization of ethylene.  Reactions were performed over a range of Al:Ni ratios from 
20:1 to 3000:1.  51a Al:Ni = 500, 2. 6 × 10
5




 52a Al:Ni = 1000, 2. 6 × 
10
5




 52a showed optimum catalyst activity of 2. 6 × 10
5





 at an Al:Ni ratio of 500:1 while 52a gave 2.6 × 10
5




 at 2000:1.  The 
2
nd
 generation dendritic catalyst 52a, showed significantly higher activity than the 1
st
 




Previously a dendrimer with peripherally bound palladium containing four PdCl2 
moieties on the surface, Figure 1.47 were reported by Smith et al.
107
  These palladium 
metallodendrimers, 53, were shown to catalyse the polymerization of ethylene in the presence 
of MAO.  Catalytic activity of up to 1.2 × 10
5




 was reported with 
moderate molecular weight polyethylene (Mw = 1.4 × 10
5
) being produced.  This was found 
to be higher than the activities for analogous mononuclear and binuclear palladium diimine 
systems.  The higher activity was attributed to the increased local concentration of catalytic 




























 generation metallodendrimers of Pd, Ir, Rh and Ni.  They 
treated the DAB-PPI-(NH2)16 dendrimer with Ph2PCH2OH.  The intermediate was then 
converted to the related metallodendrimers by treatment with [PdCl2(PhCN)2], 
[Pd(CH3)2(tmeda)], [Rh(COD)2BF4], and a 50:50 mixture of [Pd(CH3)2(tmeda)] and 
[Ni(CH3)2- (tmeda)].  Amongst the complexes isolated was a Pd(II) metallodendrimer that 
catalyzes the Heck reaction of bromobenzene and styrene forming stilbene with 89 % 
conversion.  The activity was significantly higher than that of the mononuclear palladium 




metallodendrimer gave a comparable TOF to that of the monomeric analogue for the 
hydroformylation of 1-octene. 
 
1.8: Aim and scope of this thesis 
In this thesis we set out to develop Schiff base transition metal complexes suitable as 
catalysts for ring opening polymerization of cyclic esters as well as α-olefin transformation.  
A summary of the various chapters in the thesis is given below. 
 
Chapter 1: Literature review: Salicylaldimine and Pyrrole-imine Schiff Base 
Complexes as Catalyst with a Focus on Polymerization and Oligomerization  
This chapter focuses on a brief review of Schiff base transition metal complexes with a 
particular emphasis on salicylaldimine and pyrrole-imine based systems.  Reports of their 
application particularly in α–olefin polymerization and oligomerization as well as the ring 
opening polymerization of cyclic esters are reviewed.   
 
Chapter 2: Synthesis and Characterization of Salicylaldimine and Pyrrolylaldiminate 
Schiff Base Ligands 
This chapter deals with the synthesis and full characterization of salicylaldimine and 
pyrrolylaldiminate ligands.  Monofunctional and multifunctional ligand system were prepared 
via Schiff base condensation of appropriate amines and aldehydes.  The multifunctional 
ligands were obtained by functionalising the peripheral groups of commercially available 
poly(propyleneimine) dendrimers with salicylaldimine and pyrrole-imine units.  
Characterizations of these ligands with a range of physical techniques which include NMR 
spectroscopy, FT-IR spectroscopy, elemental analysis, mass spectrometry as well as X-ray 




Chapter 3: Synthesis and Characterization Salicylaldiminato Zn(II) Metal Complexes 
This chapter covers the synthesis and characterization of Zn(II) complexes.  Mono- and 
multi-nuclear metal complexes were prepared by the reaction of the salicylaldimine ligands 
discussed in Chapter 2 with diethyl zinc.  Characterization techniques used include NMR and 
FT-IR spectroscopies, elemental analysis, mass spectrometry thermogravemetric analysis 
(TGA) as well as differential scanning calorimetry (DSC).  
 
Chapter 4: Synthesis and Characterization Pd(II) Salicylaldiminato and 
Pyrrolylaldiminato Metal Complexes 
The synthesis and characterization of palladium metal complexes is discussed in this 
Chapter.  The complexes were prepared from palladium acetate with both the salicylaldimine 
and the pyrrole-imine ligands.  Characterization techniques used include NMR, FT-IR and 
ICP-AE spectroscopies, elemental analysis, mass spectrometry and X-ray crystallography 
where suitable single crystals were obtained.   
 
Chapter 5: Polymerization of Cyclic Esters using Mono- and Multi nuclear 
Salicylaldimine Zn(II) Complexes 
This chapter discusses the catalytic evaluation of the zinc complexes prepared in 
Chapter 3 in the polymerization of D, L-Lactide.  The complexes are evaluated at different 
monomer to zinc (M/Zn) ratio over time as well as different solvents and reaction 
temperature.  We also discuss the use of the metallodendrimers in the melt.  The reactions 
were monitored using 
1
H-NMR spectroscopy.  The polylactides obtained were characterized 
using 
13






Chapter 6: α-Olefin Transformation Catalysed by Pyrrolylaldiminato and 
Salicylaldiminato Pd(II) Complexes 
Catalytic transformation of ethylene and 1-hexene with pyrrolylaldiminato and 
salicylaldiminato complexes in the presence of MAO, EtAlCl2 and Et2AlCl as co-catalysts is 
described in this chapter.  Reaction parameters such as temperature, ethylene pressure and 
Al:Pd ratios were evaluated.  The reactions were monitored using GC and the products 
obtained were characterized by APCI-MS and GC-MS.   
 
Chapter 7 Summary and Future Work 
This chapter covers a summary of the research work described in this thesis and gives 
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Chapter 2 : Synthesis and Characterization of 






Schiff bases ligands have been extensively employed in the stabilization of transition 
metal complexes since the 19th century in coordination chemistry.
1, 2
  Salicylaldimine and 
pyrrole-imine are Schiff base type ligands with N,O and N,N donor atoms respectively. 
Dendrimers are highly branched and well defined macromolecules.  This class of 
macromolecules was developed independently by Tomalia et al.
3
 and Fréchet et al..
4
  The 
main structural regions of a dendrimer are the central core, the internal branching layers and 
the peripheral end groups, Figure 2.1.  The core greatly impacts on the shape of dendrimers. 
 
 
Figure 2.1: General structure of a dendrimer 
 
Hecht and Fréchet outlined various dendrimer architectures, spheroid, ellipsoid or 
cylindrical, determined by the geometrical shape of the core.
5
  The repeat branching layers 




These structural features impart the physical, chemical and electronic properties of the 
dendrimer which differ from those of the corresponding linear analogues.
6-12
 
From on-going research into dendrimers and their applications in coordination 
chemistry, it has become clear that metallic moieties can be attached at various points in the 
dendrimer viz at the core, the branching points or on the periphery.  This gives rise to 
metallodendrimers whose synthesis and applications have been growing in the recent years 
and a number of reviews on the subject have appeared.
13




Periphery (terminal)-functionalized, dendritic catalysts have their active sites located at 
the surface of the dendrimer supports, and these active sites are therefore directly available to 
the substrate.  Several of these types of dendrimers have been reported.  They have become 
popular in the recent years because they contain many coordination sites that can be used as 
catalysts, components of molecular electronic and photochemical devices and are thought to 
possess interesting electronic, magnetic, optical and catalytic properties.
16
 
In Chapter 1 various methods used to heterogenise homogeneous catalysts were 
highlighted.  Amalgamation of homogeneous and heterogeneous catalytic systems into a 
single system would be a gateway to greener chemistry which would incorporate the 
advantages of the two systems.  These advantages are mainly the selectivity of the 
homogeneous catalyst and the easy separation of the heterogeneous analogues.  It is 
hypothesized that dendrimers may be able to combine the advantages of these two catalytic 
systems into a single entity.   
Diaminobutane-poly(propyleneimine) or (DAB-PPI-(NH2)n) dendrimers are 
commercially available up to several generations.  The first generation [DAB-PPI-(NH2)4], 
Figure 2.2, has a diaminobutane core with 4 terminal amino, groups.  These amino groups 




metal precursors.  Several of this type of nitrogen rich dendrimers have been prepared and 
characterized by various analytical methods.
17,18
 
In this chapter, we report the synthesis and characterization of monofunctional and 
multifunctional (dendritic) salicylaldimine and pyrrolylaldimine ligands.  The 
monofunctional ligands are derived from monofunctional amines and have an aliphatic 





generation poly(propyleneimine) dendrimers, DAB-PPI-(NH2)n (n = 4 or 8).  The propyl 
functionality at the imino nitrogen was chosen in the mononuclear ligands because it 
corresponds to the branching unit in the dendrimer backbone.  In addition, a pyrrole-imine 
ligand system with the aromatic substituent on the imino nitrogen is also reported in this 
chapter.  These Schiff base ligands were characterized using NMR and FT-IR spectroscopy, 











 Generation poly (propylene imine) dendrimer, DAB-PPI-(NH2)4 
 
2.2: Results and discussion 
2.2.1: Synthesis and characterization of the monofunctional aliphatic salicylaldimine 
ligands, L1 – L3 
The monofunctional ligands were prepared using a published protocol for L1 with 
slight modification, (Scheme 2.1).
19
  The ligands L1 - L3 were prepared by reacting propyl 
amine with the appropriate aldehyde; 2-hydroxybenzaldehyde,  
3-
t
butyl-2-hydroxybenzaldehyde and 3, 5-
t




methanol.  A ratio of 1:1, amine to the aldehyde was used.  These ligands were obtained in 
moderate to high yields (60 – 80 %) as yellow-orange oils with L3 being the most viscous.  
These ligands were soluble in common organic solvents including pentane and hexane.  They 
are stable even when stored at room temperature for prolonged time.  The products were 





































Scheme 2.1: Synthetic route to the monofunctional salicylaldimine ligands, L1 – L3 
 
FT-IR spectroscopy data for L1- L3 
From the FT-IR (ATR) spectra obtained, it was clear that condensation had occurred 
due to the presence of the ν(C=N) stretching vibration observed at 1630 cm-1 for L1,  
1633 cm
-1
 for L2 and 1630 cm
-1
 for L3.  Another significant band was that of the ν(C-O) at 
1277, 1266, and 1253 cm
-1
 for L1 – L3 respectively, Table 2.3.  The values obtained for L1 




NMR spectroscopy data for L1 - L3 
The most characteristic signal in the 
1
H-NMR spectrum of L1 was that of the imine 
(N=CH) proton observed at δ 8.23 ppm.  The other proton signals were at δ 0.96 ppm for the 




for the CH2 adjacent to the imine.  The signals of the aromatic protons were assigned as δ 
7.27 ppm for the CH proton next to carbon containing the OH and δ 7.19 ppm for the CH 
next to the carbon bonded to the imine system.  The other two aromatic protons are observed 
at δ 6.96 and δ 6.83 ppm while that of the OH was observed at δ 13.68 ppm.  Characterization 
data is summarised in Table 2.1.  This compares favourably with that of a similar compound 
reported by Torzilli et al..
19
 
Similar spectra are obtained for the other two monofunctional ligands with the imine 
proton resonances, HC=N, at δ 8.38 and δ 8.37 ppm for L2 and L3 respectively.  Additional 
peaks for the ortho-
t
butyl protons are observed at δ 1.53 ppm for L2 while those of L3 are 
observed at δ 1.49 ppm for the ortho-tbutyl protons and δ 1.34 ppm for the para- tbutyl.  The 
phenolic OH group resonance appears at 14.29 ppm in L2 and 14.02 ppm in L3.  The 
downfield shift in L2 can also be attributed to the intramolecular hydrogen bonding 





C-NMR spectrum, the signal for the terminal -CH3 carbon in the propyl chain is 
at δ 11.31 ppm for L1, δ 23.71 ppm for the CH2 at the center and δ 60.71 ppm for the CH2 
adjacent to the imine.  The imine carbon signal is observed at δ 164.30 ppm while the 
aromatic carbon signals are those at δ 161.20, 131.65, 130.85, 118.45, 117.96 and δ 116.62 
ppm.  The 
13
C-NMR data for L1, L2 and L3 are summarised in Table 2.2.  The 
13
C-NMR 




Electron spray ionisation mass spectrometry (ESI-MS) data for L1- L3 
The molecular weight of these ligands was also confirmed by mass spectrometry and 
micro analysis, the data is summarised in Table 2.3.  Singly charged molecular ion peak of 
the predicted compounds was observed for each of the ligands.  Under the conditions used to 




observed for these ligands.  The purity was also confirmed by elemental analysis as well as 
TLC where only one spot was observed on the plate.  
 
2.2.2: Synthesis and characterization of the multifunctional (dendrimeric) salicylaldimine 
ligands, L4 – L9 
A series of dendritic salicylaldimine peripheral functionalized ligands were obtained by 
condensation of commercially available DAB-PPI-(NH2)n where n = 4 or 8 with the 
appropriate 2-hydroxybenzaldehyde, Scheme 2.2 and Figure 2.3.  After purification and 
recrystallization, the 1
st
 generation ligands, L4 - L6, were obtained as yellow solids while the 
2
nd
 generation analogues, L7 - L9 were isolated as viscous yellow oils.  These ligands are 
completely soluble in most organic solvents except hexane and pentane.  The dendrimeric 
ligands were characterized using various analytical techniques such as NMR, FT-IR, mass 
spectrometry and micro analysis. 
 
FT-IR spectroscopy data for L4 - L6 
The FT-IR (ATR) spectra of all the dendritic ligands were acquired under similar 
conditions and the main peaks are summarized in Table 2.3.  The spectra showed a strong 
band between 1630 - 1632 cm
-1
 unambiguously assignable to the ν(C=N) stretching vibration 
band.  The presence of this band clearly signifies that condensation had occurred.  These 

















































Scheme 2.2: Synthetic route for 1
st
 generation dendrimeric salicylaldimine ligands, L4 – L6 
 
NMR spectroscopy data for L4 - L6 
The 
1
H-NMR spectra of these dendrimeric ligands were acquired in CDCl3 and the data 
are summarized in Table 2.1.  This 
1
H-NMR data complements the FT-IR results obtained.  
The spectrum of L4 exhibits a singlet at δ 8.32 ppm for the imine (HC=N) proton and a broad 
peak for the phenolic OH proton at δ 13.57 ppm.  Another very significant peak that 
confirmed condensation was that of the methylene protons adjacent to the imine.  These 
protons resonated at δ 3.61 as compared to δ 2.61 ppm for the CH2 next to the NH2 in the 
starting DAB-PPI-(NH2)4.  The dendrimer core protons resonate at δ 1.40 ppm (-NCH2CH2-), 
while the central methylene protons in the 1
st
 tier branches are observed at δ 1.81 ppm (-
NCH2CH2-).  The signals at δ 2.40 and δ 2.50 ppm can be assigned to the core and 1
st
 tier 
branching methylene protons next to the nitrogens in the dendrimer, (-NCH2CH2
_
).  The 
broadening of the peaks is due to overlapping of a number of protons that are chemically 
equivalent and also due to the restricted mobility of the dendrimer scaffold.  Similar 
observations were made by Haba et al.
 23




the interior segment of periphery modified methacroyl PAMAM dendrimers.  In the aromatic 
region, four signals are observed and are discussed herein with reference to the OH group.  
The proton in the ortho position resonates at δ 7.21 ppm, that in the meta position at δ 6.95 
ppm while that in the para position is at δ 6.85 ppm.  The other peak at δ 7.29 ppm is that of 













































































 Generation dendritic salicylaldimine ligand, L6 – L9 
 
The other two G1 dendritic ligands gave similar spectra to that of L4 exhibiting singlets 
between δ 8.29 and 8.38 ppm for the imine proton.  The phenolic OH proton resonance 
appeared at δ 14.17 ppm in L5 and δ 13.93 ppm in L6.  The presence of this signal in the 




ligands.  The difference in appearance of the signal can be attributed to the electron donating 
ability of the 
t
butyl groups as well as the presence of intramolecular hydrogen bonding.
24
  
Thus L5 signal for the phenolic OH proton appears more deshielded than in the other two 
ligands.   
In addition L5 showed a singlet at δ 1.45 ppm for the tbutyl methyl protons while L6 
showed two singlets at δ 1.48 and 1.34 ppm for the tbutyl methyl protons at positions 3 and 5.   
Similar data was obtained for the 2
nd
 generation analogues, L7 – L9, and 1H-NMR data 
is summarised in Table 2.1.  The imine proton resonated at between δ 8.29 – 8.38 ppm while 
that of the phenolic proton was observed at between δ 13.5 – 14.2 ppm.   The spectrum for 
L8 showed a singlet at δ 1.48 ppm for the tbutyl methyl protons while that for L9 gave two 
singlets for the 
tbutyl methyl protons at δ 1.48 and 1.34 ppm.  These spectra also showed that 




C- NMR spectra, the carbon signal of the imine (HC=N) appears between  
164.81 and 165.79 ppm while that of the carbon bonded to the phenolic group is between δ 




 generation salicylaldimine dendritic ligands.  The other 
aromatic carbon signals appear in the range  116 - 139 ppm for the six ligands.  The 
dendritic framework carbon signals appear in between  24.5 and 57.3 ppm.
25 
 
Mass spectrometry data for L4 – L9 
The dendritic ligands were investigated using ESI-MS as well as Matrix-assisted laser 
desorption ionisation time of flight mass spectrometry (MALDI-TOF) to establish their 




 generation ligands 




The ESI-MS spectra obtained confirmed the molecular weight of some of the dendritic 
ligands with a molecular weight < 2000 Da.  The ESI-MS spectra for L5 and L8 shown in 
Figure 2.4 and 2.5 are given as examples.  1
st
 generation ligands, L4 - L6, gave singly 










These ligands also showed fragments due to the hydrolysis of the imine bond of one of 
the salicylaldimine units as well as a multiply doubly charged ions.  For example in Figure 
2.4, a singly charged parent ion of L5 was obtained at m/z 957, doubly charged ion at m/z 
479 and a fragment due to the loss of one salicylaldimine unit at m/z 797. 
In the 2
nd
 generation ligands, L7 – L9, only multiply charged ions (m/z where z =2, 3 – 
4) and daughter ions arising from the ligand molecular ions were obtained where the 
molecular weight exceeded m/z 2000.  The base peak was that of the doubly charged ion.  
Other ions observed were the quaternary ammonium ions formed after cleavage at one of the 
dendrimer scaffold nitrogen followed by cyclization of the n-butyl to form a pyrrolidium 
JNM156
m/z

















group.  In Figure 2.5 multiply charged ions are observed at m/z 1027, 685, 514 and 411 
where z = 2, 3, 4 and 5 respectively.  The quaternary ammonium ion was also observed at 
m/z 1054.  A proposed fragmentation pattern is shown in Scheme 2.3. 
 
 









The molecular weight of these dendritic ligands was also confirmed by MALDI-TOF.  
In the spectra obtained, the base peak was that of the expected 1
st
 generation ligands and a 
doubly charged species for the 2
nd
 generation ones.  The main advantage of the MALDI-TOF 
spectra was that for the 2
nd
 generation dendritic ligands, a peak for the single charged ion was 
observed irrespective of the ligands molecular weight.  Elemental analysis data obtained for 
these ligand systems were in agreement with proposed formulations as shown in Scheme 2.2 

















































































































Scheme 2.3: Significant fragment ion of L8 as inferred from ESI-MS 
 
Single crystal diffraction (SXRD) 
After recrystallization L5 gave analytically pure yellow single crystals good for single 
crystal X-ray diffraction (SXRD).  The crystal structure of L5 is shown in Figure 2.6.  The 
ligand crystallizes in the triclinic space group P-1 (Z = 4) with a twofold center of inversion 




those of published monofunctional Schiff base salicylaldimine ligands (1.281 Å).
28
  
Hydrogen bonding between the imino nitrogen and the phenolic hydrogen is observed, 
N1·····H1-O1 and O2-H3·····N3.  The presence of hydrogen bonding is further supported by 
the other characterization data.  L5 a higher melting point of 95-97 °C as compared to the 
other G1 ligands and from the 
1
H-NMR data, the phenolic OH peak was slightly deshielded 
as compared to the other two ligands L4 and L6.   
 
 
Figure 2.6: The molecular structure of L5 with the atom-numbering scheme. Displacement ellipsoids 
are drawn at the 30% probability. H atoms omitted for clarity 
 
A thermal ellipsoid diagram of the ligand is shown in Figure 2.6.  Crystal structural 
data and structure refinement parameters are shown in Table 2.4 while selected bond lengths 









 data for the salicylaldimine ligands
a 
Ligand OH HC=N Ar-H HC=NCH2 CH2 CH3 C(CH3)3 
L1
b
 13.68 (br s, 1H) 8.23 (s, 1H) 7.27 (dt, 1H, 
3
JHH = 7.2 Hz) 
7.19 (dd, 1H, 
3
JHH = 7.6 Hz) 
6.96 (d, 1H, 
3
JHH = 7.4 Hz) 
6.83 (dt, 1H, 
3
JHH = 7.5 Hz) 
3.47 (dt, 2H, 
3
JHH = 7.4 Hz) 1.66 (m, 2H, 
3
JHH = 7.2 Hz) 0.96 (t, 3H, 
3
JHH = 7.5 Hz) - 
L2
b
 14.29 (br s, 1H) 8.38 (s, 1H) 7.39 (dd, 1H, 
3
JHH = 7.8.Hz) 
7.15 (dd, 1H, 
3
JHH = 7.6 Hz) 
6.87 (t, 1H, 
3
JHH = 7.4 Hz) 
3.60 (dt, 2H, 
3
JHH = 7.5 Hz) 1.80 (m, 2H, 
3
JHH = 7.2 Hz) 1.06 (t, 3H, 
3
JHH = 7.4 Hz) 1.53 (br s, 9H) 
L3
b
 14.02 (br s, 1H) 8.37 (s, 1H) 7.40 (d, 1H, 
4
JHH = 4.0 Hz) 
7.11 (d, 1H, 
4
JHH = 4.0 Hz) 
3.57 (dt, 2H, 
3
JHH = 7.4 Hz) 1.76 (m, 2H, 
3
JHH = 7.2 Hz) 1.01 (t, 3H, 
3
JHH = 7.4 Hz) 1.49 (br s, 9H) 
1.34 (br s, 9H) 
L4 13.58 (br s, 4H) 8.32 (s, 4H) 7.29 (dt, 4H, 
3
JHH = 7.2 Hz) 
7.21 (dd, 4H, 
3
JHH = 7.6 Hz) 
6.95 (d, 4H, 
3
JHH = 7.2 Hz) 
6.85 (dt, 4H, 
3
JHH = 7.4 Hz) 
3.61 (t, 8H, 
3
JHH = 6.3 Hz) 2.50 (t, 8H, 
3
JHH = 7.0 Hz) 
2.40 (br s, 4H) 
1.81 (m, 8H, 
3
JHH = 6.9 Hz) 
1.40 (br s, 4H) 
- - 
L5 14.17 (br s, 4H) 8.33 (s, 4H) 7.32 (d, 4H, 
3
JHH = 7.8 Hz) 
7.08 (d, 4H, 
3
JHH = 7.4 Hz) 
6.80 (dt, 4H, 
3
JHH = 7.4 Hz) 
 
3.62 (t, 8H, 
3
JHH = 6.7 Hz) 2.54 (t, 8H, 
3
JHH = 6.9 Hz) 
2.44 (br s, 4H) 
1.84 (m, 8H, 
3
JHH = 6.8 Hz) 
1.45 (br s, 4H) 








Table 2.1: continued 
L6 13.93 (br s, 4H) 8.35 (s, 4H) 7.37 (d, 4H, 
4
JHH = 4.0 Hz) 
7.07 (d, 4H, 
4
JHH = 4.0 Hz) 
3.60 (t, 8H, 
3
JHH = 6.5 Hz) 2.53 (t, 8H, 
3
JHH = 7.0 Hz) 
2.43 (br s, 4H) 
1.83 (m, 8H, 
3
JHH = 7.0 Hz) 
1.45 (br s, 4H) 
 1.45 (br s, 36H) 
1.34 (br s, 36H) 
L7 13.57 (br s, 8H) 8.29 (s, 8H) 7.27 (dt, 8H, 
3
JHH = 7.1 Hz) 
7.20 (dd, 8H, 
3
JHH = 7.7 Hz) 
6.95 (d, 8H, 
3
JHH = 7.8 Hz) 
6.83 (dt, 8H, 
3
JHH = 7.4 Hz) 
3.58 (t, 16H, 
3
JHH = 6.6 Hz) 2.50 (t, 16H, 
3
JHH = 7.0 Hz) 
2.45 (br m, 20H) 
1.80 (br m, 16H) 
1.57 (br m, 8H); 1.40 (br s, 
4H 
  
L8 14.18 (br s, 8H) 8.34 (s, 8H) 7.34 (d, 8H, 
3
JHH = 7.8 Hz) 
7.09 (d, 8H, 
3
JHH = 7.8 Hz) 
6.82 (t, 8H, 
3
JHH = 7.7 Hz) 
3.63 (t, 16H, 
3
JHH = 6.5 Hz) 2.57 (t, 16H, 
3
JHH = 6.8 Hz) 
2.49 (br m, 20H) 
1.87 (br m, 16H) 
1.64 (br, 8H) 
1.48 (br s, 4H) 
 1.48 (br s, 72H) 
L9 13.94 (br s, 8H) 8.38 (s, 8H) 7.41 (d, 8H, 
4
JHH = 4.0 Hz) 
7.10 (d, 8H, 
4
JHH = 4.0 Hz) 
3.62 (t, 16H, 
3
JHH = 6.6 Hz) 2.57 (t, 16H, 
3
JHH = 7.0 Hz) 
2.47 (br m, 20H) 
1.86 (br m, 16H) 
1.63 (br, 8H); 1.48 (br s, 4H) 
 1.48 (br s, 72H) 
1.34 (br s, 72H 
a
 300 MHz (CDCl3, δ in ppm), 
b











C-NMR shifts (  in ppm) data for the salicylaldimine ligands
a
 
Ligand HC=N C-OH Ar-C HC=NCH2 CH2 CH3 C and (CH3)3 
L1
b
 164.30 161.20 131.65, 130.85, 118.45, 117.96, 116.62 60.71 23.71 11.31 - 
L2
b
 165.20 160.65 137.38, 129.42, 129.08, 118.65, 117.56 61.22 24.10 11.79 34.80, 29.33 
L3
b
 165.55 158.25 139.79, 136.65, 126.62, 125.64, 117.85 61.29 24.14 11.78 34.74, 34.28, 
31.51, 29.31 
L4
 164.81 161.27 132.01, 131.08, 118.74, 118.37, 116.95 57.36 53.93, 51.38, 28.44, 25.12 - - 
L5
 165.47 160.56 137.32, 129.45, 129.12, 118.62, 117.61 57.33 54.03, 51.39, 28.48, 25.23 - 34.79, 29.33 
L6
 165.75 158.14 139.74, 136.55, 126.57, 125.61, 117.81 57.45 53.99, 51.43, 28.50, 25.12 - 34.96, 34.03 
31.34, 29.40 
L7
 165.79 158.21 139.82, 136.64, 126.62, 125.65, 117.89 57.50 54.10, 51.55, 28.64, 25.22 - - 
L8 165.48 160.51 137.28, 129.47, 129.13, 118.59, 117.63 57.40 52.25, 52.17, 51.46, 28.50, 25.19, 24.60 - 34.78, 29.33 
L9 165.73 158.15 139.81, 136.59, 126.63, 125.67, 117.84 57.60 54.19, 52.22, 51.57, 28.56, 24.62, 24.54 - 34.98, 34.08, 
31.32, 29.45 
a
75 MHz (CDCl3, δ in ppm), 
b










Table 2.3: Salicylaldimine ligands analytical data 
Ligand Yield (%) M.p (°C)
a




) Anal Found (Calcd.) 
 (C=N) (C-O) C H N 
L1 81 oil C10 H13 N O n. d. 1630 1277 73.43 (73.59) 7.86 (8.03) 8.21 (8.58) 
L2 61 oil C14 H21 N O·0.5 CH3OH 220 (219) 1633 1266 74.20 (74.00) 9.67 (9.34) 4.51 (5.95) 
L3 70 oil C18 H29 N O 276 (275) 1630 1272 78.99 (78.49) 10.30 (10.61) 4.78 (5.09) 
L4 61 48-51 C44 H56 N6 O4•0.25CH2Cl2 733 (732) 1630 1281 71.01 (70.47) 7.37 (7.55) 11.17 (11.14) 
L5 83 95-98 C60 H88 N6 O4 957 (956) 1632 1264
 
75.49 (75.27 7.78 (9.26) 8.85 (8.78) 
L6 68 66-69 C76 H120 N6 O4 1181 (1180) 1631 1272 77.24 (77.23) 8.35 (10.23) 6.79 (7.11) 
L7 72 oil C96 H128 N14 O8•0.5CH2Cl2 1605 (1604) 1630 1277
 
70.74 (71.05) 7.97 (8.00) 10.84 (12.02) 
b
L8 77 oil C128 H192 N14 O8•0.5CH2Cl2 1027 (2052) 1631 1271 73.27 (73.59) 9.15 (9.34) 8.67 (9.31) 
b
L9 80 oil C160 H256 N14 O8•0.5CH2Cl2 1251 (2500) 1630 1277 75.66 (75.55) 10.10 (9.80) 7.67 (6.57) 
a
 Uncorrected melting points, 
b






Table 2.4: Crystal structural data (collection, structure solution and refinement) for L5 
Empirical formula C60H88N6O4  
Formula weight 957.36  
Crystal system triclinic  
Space group P-1  
Crystal size (mm
3
) 0.55 x 0.41 x 0.37  
Z 1  
Unit cell dimensions (Å, °) a = 10.4099(7) α = 94.7070(10) 
 b = 10.5303(8) β = 99.5130(10) 
 c = 13.5072(10) γ = 106.5280(10) 
Volume (Å) 1386.84(17)  
Absorption coefficient (mm
-1
) 0.072  
Calculated density (g cm
-3
) 1.146  
F000 522  
Temperature (K) 100(2)  
Wavelength 0.71073  
θ range for data collection (°) 1.54 to 26.43  
Miller index ranges -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -16 ≤ l ≤ 16  
Reflections collected 15010  
Independent reflections 5659 [Rint = 0.0196]  
Completeness to theta (%) 99.3  
Max. and min. transmission 0.9737 and 0.9617  
Refinement method Full-matrix least-squares on F
2
  
Data / restraints / parameters 5659 / 0 / 322  
Goodness-of-fit on F
2
 1.053  
Final R indices [F
2
 for I≥2σ] R1 = 0.0444, wR2 = 0.1170  
R indices (all data) R1 = 0.0496, wR2 = 0.1218  
Largest diff. peak and hole (e Å
-3










Table 2.5: Selected bond lengths and bond angles for L5 
Bond lengths [Å] Bond Angles [°] 
O(1)-C(10) 1.3519(15) C(11)-N(1)-C(12) 118.87(11) 
O(2)-C(26) 1.3517(14) N(1)-C(11)-C(9) 122.72(12) 
N(1)-C(11) 1.2752(17) N(1)-C(12)-C(13) 110.37(10) 
N(1)-C(12) 1.4558(17) C(15)-N(2)-C(14) 110.74(10) 
N(2)-C(14) 1.4712(17) C(15)-N(2)-C(17) 109.88(10) 
N(2)-C(15) 1.4668(15) C(14)-N(2)-C(17) 108.57(10) 
N(2)-C(17) 1.4729(16) N(2)-C(14)-C(13) 112.75(10) 
N(3)-C(19) 1.4578(16) N(2)-C(17)-C(18) 115.30(11) 
N(3)-C(20) 1.2725(17) N(2)-C(15)-C(16) 113.74(11) 
C(12)-C(13) 1.5210(18) N(3)-C(19)-C(18) 110.80(12) 
C(13)-C(14) 1.5240(18) N(3)-C(20)-C(21) 122.89(12) 
C(15)-C(16) 1.5229(19) O(1)-C(10)-C(5) 119.66(11) 
C(17)-C18) 1.5190(18) O(1)-C(10)-C(9) 119.53(11) 

















2.2.3: Synthesis and characterization of the monofunctional (aliphatic and aromatic) 
pyrrole-imine ligands, L10 and L11 
The pyrrolylaldiminate ligands were prepared by Schiff base condensation of pyrrole-2-
carboxyaldehyde with the appropriate amine following a method we have reported 
previously.
29
  L10 was obtained in moderate yield (56 %) after condensation of pyrrole -2-
carboxyaldehyde with one equivalent of propyl amine.  The ligand showed good solubility in 
common organic solvents such as dichloromethane, diethyl ether, chloroform, 
tetrahydrofuran, acetonitrile as well as in toluene.  Characterization was done using NMR and 
FT-IR spectroscopies, mass spectrometry and elemental analysis.  L10 is relatively stable and 














6 hr, r. t. 
L10  
Scheme 2.4: Synthetic route to N-[(1E)-1H-pyrrol-2-ylmethylene]propan-1-amine, L10 
 
FT-IR spectroscopy data for L10 
The FT-IR spectrum shows a characteristic band at 1636 cm
-1 for the ν(C=N) band as a 
sharp peak and at ca. 3100 cm
-1
 for the ν(N-H) band, Table 2.7.  The broadness of the latter 
peak can be attributed to intermolecular hydrogen bonding of the NH groups.
30 
 
NMR spectroscopy data for L10 
The 
1
H-NMR spectrum of L10 summarized in Table 2.6, showed signals at δ 0.92 ppm 




for the CH2 adjacent to the imine functionality.  The imine, N=CH, proton was observed at δ 
8.04 ppm while those of the pyrrole ring can be assigned as δ 6.9 ppm for the CH proton next 
to NH, δ 6.2 ppm for the CH next to the carbon bonded to the imine system and δ 6.5 ppm for 
the CH in between.  The NH proton signal was not observed in the spectrum.  This may be 




C-NMR spectrum, the terminal propyl chain’s methyl carbon resonated at  
δ 11.7 ppm while that of the methylene to the imine bonded carbon at δ 62.7 ppm and the 
CH2 carbon central at δ 24.3 ppm.  The signals of the pyrrole ring carbons were observed at δ 
121.4, 109.5, 113.7 and δ 130.1 ppm while that of the imino group was observed at δ 151.4 
ppm. 
 
Mass spectrometry and micro analysis data for L10 
The elemental analysis data obtained agrees with that calculated % composition for the 
proposed structure of L10 associated with 0.25 H2O as shown in Table 2.7.   
Electron impact mass spectrometry was used to characterize L10 to establish the 
molecular weight.  The spectrum obtained exhibited the fragmentation pattern shown in 
Scheme 2.4.  A singly charged ion at m/z 137 corresponds to the molecular ion of L10.  The 
fragmentation pattern shows the initial stepwise loss of the propyl chain followed by imino 
nitrogen forming a dihydropyridine ion, m/z 83.  The base peak was observed at m/z 69 





















m/z 137 m/z 121








Scheme 2.5: Fragmentation pattern for L10 as inferred from the GC-MS 
 
L11, Figure 2.8, is a previously reported compound and was obtained as a cream 
coloured crystalline solid from the Schiff base condensation of pyrrole -2-carboxyaldehyde 





FT-IR spectroscopy, ESI mass spectrometry and microanalysis data for L11 
The FT-IR (ATR) spectrum obtained shows a sharp band at 1626 cm
-1
 for the ν(C=N) 
stretching frequency confirming that the condensation had occurred.  The data obtained from 
ESI-MS shows a singly charged parent ion at m/z 255.  Under the conditions used to record 
the mass spectrum, there is very little fragmentation of the compound.  The microanalysis 
confirms the purity and product composition. 
 
NMR spectroscopy data for L11 
The 
1
H-NMR data, Table 2.6, obtained exhibit a resonance at δ 8.05 ppm for the imine 
HC=N proton, δ 1.21 ppm for the isopropyl CH3, δ 3.20 ppm for the isopropyl CH, while the 






C-NMR data, Table 2.8, shows signals at δ 27.90 and δ 23.56 ppm that can be 
assigned to the isopropyl carbons.  The aromatic carbon signals for the pyrrole ring were 
observed at δ 109.89, 116.86, 123.20 and δ 129.77 ppm while those of the phenyl ring were 








Figure 2.7: 2, 6-di(propan-2-yl)-N-[(E)-1H-pyrrol-2-ylmethylidene]aniline ligand, L11 
 
2.2.4: Synthesis and characterization of multifunctional pyrrole-imine ligands, L12 and 
L13 
The dendrimeric ligands L12 and L13 were prepared and purified in a similar way as 




 generation poly(propylene imine) DAB-PPI-(NH2)n were used in place 
of propyl amine.  We previously reported the synthesis and characterization of L12, Scheme 
2.6.
29
  Both ligands were isolated as orange oils in fairly good yields and were fully 
characterized by a range of techniques.  The full characterization data of these ligands are 

























































 Generation dendritic pyrrolylaldiminate ligand, L13 
 
FT-IR spectroscopy for L12 and L13 
FT-IR (ATR) spectra of both ligands showed the expected functionalities.  These 





NMR spectroscopy data for L12 and L13 
The 
1
H-NMR spectrum of L12 showed clear evidence of the condensation, Table 2.6.  
The CH2 signal adjacent to the imino group is observed to shift down field from the signal of 
the CH2 next to NH2 of the starting dendrimeric amine.  Another characteristic peak is that of 
the N=CH proton observed at δ 8.03 ppm.  The dendrimer backbone proton signals are 
observed between δ 1.4 to 3.6 ppm.  The CH2 protons next to the imine moiety resonate at δ 
3.60 ppm.  The peaks at δ 2.4 and δ 2.33 can be assigned to the protons of the methylene 




dendron appeared at δ 1.7 ppm while that in the core is observed at δ 1.37 ppm.  The pyrrole 
ring protons were observed between δ 6.2 - 6.9 ppm.  Again broadening of the dendrimer 
scaffold protons was observed.   
The 
1
H-NMR spectrum of the 2
nd
 generation pyrrole imine ligand, L13, (Figure 2.9) is 
similar to that of the 1
st
 generation ligand.  The proton signals of the dendrimer framework 
are observed between δ 1.3 and δ 3.5 ppm.  These resonances are similar to those of the 
salicylaldimine ligands discussed earlier.  The pyrrole ring proton peaks are between δ 6.21 
and δ 6.84 ppm while the imino proton resonates at δ 8.05 ppm.  
The 
13
C spectrum of L12 shows signals at δ 152.1 ppm for the N=CH, δ 130.1, 121.9, 
114.3 and δ 109.5 ppm for the pyrrole ring.  The dendrimeric framework CH2 carbons are 
observed between δ 58.8 and δ 25.0 8 ppm.  Similar 13C data is obtained for the 2nd 
generation ligand, L13, Table 2.8. 
 
ESI mass spectrometry data for L12 and L13 
The ESI-MS mass spectrum of L12 showed a molecular ion peak at m/z 779.  This 
corresponds to the calculated molecular weight of 625 with four potassium ions associated 
with each of the pyrrole groups on the periphery of the dendrimeric ligand.  L13 gave an ESI-
MS spectrum similar to that of the G2 salicylaldimine systems.  Singly charged as well as 
multiply charged molecular ions are observed.  The peak at m/z = 1389 matches the expected 
weight of a singly charged ion of the ligand.  Sodium adducts of the ligand are also observed 
as was the case with L12.  In addition L13 forms other ions species observed at m/z 794 and 
m/z = 397 with a pyrrolidine group forming after cleavage at the dendrimer nitrogen groups 
as shown in Scheme 2.7.  The data obtained from micro analysis agrees with the calculated 






Monofunctional as well as multifunctional salicylaldimine and pyrrolylaldiminate 
ligands were successfully prepared.  All the ligands were obtained in moderate yields and 
fully characterized using a range of analytical techniques.  The 1
st
 generation multifunctional 
ligands have four peripheral N, O or N, N chelating units while 2
nd








































































H-NMR data of pyrrolylaldiminate ligands
a 
Ligand HC=N Ar-H HC=NCH2 CH2 CH3 and CH(CH3)2 
L10 8.04 (s, 1H) 6.91 (br s, 1H) 
6.56 (dd, 1H, 
3
JHH = 3.0 Hz) 
6.29 (t, 1H, 
3
JHH = 3.0 Hz) 
3.59 (dt, 2H, 
3
JHH = 7.0 Hz) 1.73 (m, 2H, 
3
JHH = 7.0 Hz) 0.98 (t, 3H, 
3
JHH = 9.0 Hz) 
b
L11 8.05 (s, 1H) 7.27 (br s, 3H) 
6.68 (d, 1H, 
3
JHH = 3.6 Hz)) 
6.19 (t, 1H, 
3
JHH = 2.9 Hz) 
6.14 (s, 1H) 
  3.20 (m, 1H, 
3
JHH = 6.8 Hz) 
1.21 (d, 12H, 
3
JHH = 6.9Hz) 
L12 8.06 (s, 4H) 6.86 (s, 4H) 
6.49 (dd, 4H, 
3
JHH = 3.4 Hz) 
6.27 (t, 4H, 
3
JHH = 3.0 Hz) 
3.56 (t, 8H, 
3
JHH = 6.1 Hz) 2.44 (t, 8H, 
3
JHH = 6.7 Hz) 
2.35 (br 4H) 
1.75 (q, 8H, 
3
JHH = 7.0 Hz) 
1.35 (br s, 4H) 
 
L13 8.04 (s, 8H) 6.83 (s, 8H) 
6.49 (dd, 8H,  
3
JHH = 3.4 Hz) 
6.22 (t, 8H, 
3
JHH = 3.1 Hz) 
3.53 (t, 16H, 
3
J = 6.4 Hz) 2.42 (t, 16H, 
3
JHH = 7.0 Hz) 
2.36 (br, 20H) 
1.73 (br m, 16H) 
1.51 (br, 8H); 
1.37 ( s, 4H) 
- 
a
 300 MHz (CDCl3, δ in ppm), 
b






Table 2.7: Analytical data for pyrrolylaldiminate ligands 








Anal Found (Calcd.) 
C H N 
a
L10 56 - C8 H12 N2·0.25 H2O 137 (136) 1636 68.11 (68.29) 8.48 (8.95) 19.31(19.91) 
L11 85 142.3 - 143.1 C17 H22 N2 255 (254) 1626 80.24 (80.27) 8.75 (8.72) 10.80 (11.01) 
L12 51 - C36 H52 N10·0.5 CH2Cl2 625 (624) 1636 65.02 (65.69) 7.84 (8.01) 19.80 (20.90) 
L13 52 - C80 H120 N22·0.5 CH2Cl2 1389 (1388) 1635 67.71 (67.50) 8.89 (8.51) 22.24 (21.51) 
a
GC-MS m/z  
 







Ligand HC=N Pyrrole-C Ar-C HC=NCH2 CH2 CH3 (CH3)3 
L10 151.4 129.8, 121.4, 113.7, 109.5  62.7 62.7, 24.3 11.7  
L11 152.7 129.8, 123.2, 116.9, 109.9 148.3, 139.0, 124.6, 124.3    23.56, 27.90 
L12 152.1 130.1, 121.9, 114.3, 109.5  58.8 53.8, 51.4, 28.3, 25.0  - 
L13
 153.1 130.3, 122.3, 114.7, 109.7  59.2 54.2, 51.6, 28.5, 25.1  - 
a






2.4.1: Materials and instrumentation 
Ligands were synthesized using standard Schlenk techniques under nitrogen employing 
a dual vacuum/nitrogen line.  All solvents used were of analytical grade and were dried and 
distilled prior to use.  Tetrahydrofuran (THF), hexane and diethyl ether were dried and 
distilled from sodium/benzophenone, methanol from magnesium turnings/iodine and 






2-hydroxybenzaldehyde were purchased from Sigma-Aldrich Ltd.  Poly (propyleneimine) 
DAB-dendr-(NH2)4 and poly (propylene imine) DAB-dendr-(NH2)8 were obtained from 
Symo-Chem, Netherlands.  All starting materials were used without further purification. 
The NMR spectra were recorded on a Varian 300 VNMRS spectrometer (
1
H at 300 
MHz, 
13
C at 75.4 MHz) at room temperature using tetramethylsilane as an internal standard.  
The chemical shifts are reported in δ (ppm) and referenced to the signal for the residual 
proton in CDCl3 the NMR solvent.  Infrared spectra were recorded on a Nicolet Avatar 330 
FT-IR spectrophotometer using ATR accessory.  ESI-MS data were obtained on a Waters 
API Q-TOF Ultima spectrometer calibrated with NaF.  GC-MS analysis was performed using 
a Finnigan-Matt GCQ-Gas Chromatograph equipped with an electron impact ionization 
source at 70 emV and a 30 m HP-MS capillary column with a stationary phase based on 5% 
phenyl-methylpolysiloxane at the University of the Western Cape.  Microanalyses were 
performed at the micro analytical laboratory of the University of Cape Town.  Melting points 





2.4.1.1: General method for the MALDI-TOF MS spectrometry 
The MALDI-TOF MS spectra for L4 – L9 were recorded on a Voyager DE STR 
MALDI-TOF spectrometer equipped with 2 m linear and 3 m reflector flight tube and a 337 
nm nitrogen laser.  All spectra were obtained with an acceleration potential of 20 kV in the 
positive ion mode in ACTH linear and reflector mode.  Dithranol was used as matrix (40 
mg/mL in THF), sodium triflouroacetate was used as the ionizing salt (1 mg/mL in THF) and 
the ligands (10 mg/mL in THF).  The three solutions were then mixed at volume ratio of 
10:5:1 for matrix:ligand:NaTFA.  The solution mixture was then sported on a steel plate and 
air dried.  Calibration was done using Peg 1000Na.  All the data was processed using data 
explorer  
 
2.4.1.2: Molecular structure determination of single crystal by X-ray analysis, data collection 
A yellow crystal with approximate dimensions 0.55 × 0.41 × 0.37 mm
3
 was selected 
under oil under ambient conditions and attached to the tip of a nylon loop.  The crystal was 
mounted in a stream of cold nitrogen at 100(2) K and centered in the X-ray beam by using a 
video camera.  The crystal evaluation and data collection was performed on a Bruker CCD-
1000 diffractometer with Mo Kα (λ = 0.71073 Å) radiation and the diffractometer to crystal 
distance of 4.9 cm.  The initial cell constants were obtained from three series of  scans at 
different starting angles.  A total of 5659 reflections were obtained.  The reflections were 
successfully indexed by an automated indexing routine built in the SMART (Bruker 2002) 
program. 
2.4.1.3: Molecular structure determination of single crystal by X-ray analysis, structure 
solution and refinement 
The systematic absences in the diffraction data were uniquely consistent for the space 




A successful solution by the direct methods provided most non-hydrogen atoms from the E-
map.  The remaining non-hydrogen atoms were located in an alternating series of least-
squares cycles and difference Fourier maps.  All non-hydrogen atoms were refined with 
anisotropic displacement coefficients.  All hydrogen atoms were included in the structure 
factor calculation at idealized positions and were allowed to ride on the neighbouring atoms 
with relative isotropic displacement coefficients.  
 
2.4.2: Preparation of salicylaldimine ligands 
2.4.2.1: General procedure for the synthesis of aliphatic salicylaldimine ligand; L1 - L3 
The ligands were prepared by Schiff base condensation of n-propyl amine with the 
appropriate benzaldehyde, namely 2-hydroxybenzaldehyde for L1, 3-
t
butyl-2-
hydroxybenzaldehye for L2 and 3, 5-
t
butyl-2-hydroxybenzaldehye for L3.  The synthesis of 
L1 is used to illustrate.  
A yellow solution of 2-hydroxybenzaldehyde (1.0 g, 1.8 mL, 8.19 mmol) and propyl 
amine (0.8 mL, 9.81 mmol) in 20 mL methanol was stirred for 12 h at room temperature 
under nitrogen.  The yellow colour was retained throughout the reaction time.  After 12 h, the 
methanol was removed and a yellow-orange oil obtained.  The oil was dissolved in CH2Cl2 
(25 mL) and washed with water (4 × 20 mL).  The organic layer was collected, dried over 
anhydrous MgSO4 and filtered by gravity.  Upon removal of all volatiles from the filtrate, a 
yellow oil was obtained.  The ligands were obtained as yellow oils in moderate to good yields 








 generation periphery 





 generation polypropylenimine, DAB-(NH2)n (n = 4 or 8) was reacted with the 
appropriate 2-hydroxybenzaldehyde as was the case for the aliphatic ligands.  The synthesis 
of L4 is used as an example to illustrate.   
A yellow solution of 1
st
 generation polypropylenimine, DAB-(NH2)4 (0.4 g, 1.264 
mmol) and salicylaldehyde (0.55 mL, 5.25 mmol) in 20 mL toluene was stirred at room 
temperature for 72 h under nitrogen.  After the 72 h, the toluene was removed giving a yellow 
oil.  The oil was dissolved in CH2Cl2 (25 mL) and washed with water (4 × 25 mL).  The 
organic layer was collected, dried over anhydrous MgSO4 and filtered by gravity.  The filtrate 
was concentrated to about 5 mL and the product was crystallized by slow diffusion of 
pentane (10 mL) giving a yellow solid.   
However L5 was crystallized by slow diffusion of methanol into a solution of the 
compound in CH2Cl2.  L8 was purified in a same protocol as L5.  The 1
st
 generation 
salicylaldimine ligands were obtained as yellow solids while the 2
nd
 generation analogues 
were viscous yellow oils.  All the ligands were obtained in moderate to good yields of  
60 – 85 %.  The first generation salicylaldimine ligands were obtained as yellow oils while 
the second generation analogues were viscous yellow oils.   
 
2.4.3: Preparation of pyrrole-imine ligands 
2.4.3.1: Synthesis of (propyl-(1–H pyrrol –2–ylmethylene) imine; L10 
To a yellow solution of pyrrole-2-carboxylaldehyde (1 g, 10.53 mmol) in dry diethyl 
ether (20 mL) propyl amine (0.86 mL, 10.53 mmol) was added via a syringed.  A Few drops 
of glacial acetic acid were added as a catalyst.  The solution was stirred at room temperature 




giving an orange oil.  The product was purified by dissolving in CH2Cl2 (25 mL) and washing 
with water (5 × 25 mL).  The organic layer was collected, dried over anhydrous MgSO4 and 
filtered by gravity.  Removal of the CH2Cl2 yielded an orange oil.
 
 
2.4.3.2: Synthesis of N-(2,6-diisopropylphenyl)-N-[1-H-pyrrol-2-ylmethylene] imine; L11 
To a stirring yellow solution of pyrrole-2-carboxylaldehyde (3.0 g, 31.55 mmol) in dry 
diethyl ether (30 mL), 2, 6-diisopropylaniline (5.6 g, 31.55 mmol) was added.  The solution 
had a few drops of formic acid added, as a catalyst, and stirred at r. t. for 24 h.  After the 
reaction time, diethyl ether was removed by rotary evaporation giving a cream white solid 
that was recrystallized from methanol by slow evaporation to giving L11 as white crystals.  








 generation periphery 
functionalised pyrrolylaldiminate ligand; L12 and L13 
First and the second generation polypropylenimine, DAB-(NH2)n (n = 4 or 8) was 
reacted with pyrrole-2-carboxylaldehyde.  The preparation of L12 is used as an illustration.  
These pyrrole-imine ligands were obtained as orange oils.  
Into a Schlenk tube containing dry diethyl ether (20 mL) and anhydrous MgSO4  
(ca 2 g) pyrrole-2-carboxylaldehyde (0.48 g, 5.05 mmol) was added yielding an  
orange-yellow mixture.  DAB(NH2)4 (0.4 g, 1.26 mmol) dissolved in dry diethyl ether (5 mL) 
was added drop-wise over 2 minutes.  A catalytic amount of glacial acetic acid was added 
and the mixture stirred at r. t. for 2 days.  The Et2O was then removed from reaction mixture 
giving an orange oil.   
The oil was dissolved in CH2Cl2 (25 mL) and washed with water (5 × 25 mL).  The 




of CH2Cl2 yielded an orange oil.  The ligands were obtained in yields of 51 and 52 % for L12 
and L13 respectively.   
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Chapter 3 : Synthesis and Characterization of 





Salicylaldiminato Schiff base metal complexes can be readily obtained by the reaction 
of the ligand with a suitable metal salt.  The synthesis by prior formation of the imine ligand 
appears to be most favoured because it allows the development of well-defined catalysts 














  The presence of a base to deprotonate the ligand is crucial in some 
cases.  Whether to use a base or not is determined by several factors.  These include the 
nature of the metal precursor used, the stability of intermediate species as well as the acidity 
of the OH proton.  The acidity of the phenoxy OH is influenced by the substituent groups on 
the phenoxy ring.  The presence of these substituent groups on the phenoxy ring as well as 
the imino moieties also controls the steric and electronic properties of the ligand and 
subsequent reactivity of the metal complexes formed.  This versatility in return allows metal 
complex fine-tuning for various applications.
8
  Another approach for the formation of the 
salicylaldimine metal complexes is the in-situ formation of the imine and the concomitant 
complexation to the metal center via a template-type synthesis.  This synthetic protocol is 
suitable where one of the intermediates may be chemically unstable.
9
 
Salicylaldiminato metal complexes have in the past been applied in numerous catalytic 
processes, including olefin oligomerization, as well as epoxidation and ring opening .
10-13
   
We recently reported a series of Cu(II) and Zn(II) bis-salicylaldimine metal 
complexes.
14
  The Cu(II) complexes were readily obtained by the reaction of the 
salicylaldimine ligands with copper acetate monohydrate.  In the zinc analogues the presence 
of 
t
butyl groups on the phenoxy ring hindered complex formation.  Thus the use of sodium 






salicylaldiminato]Zn(II) complex as opposed to bis[N-(2,6-diisopropylphenyl)-
salicylaldiminato]Zn(II) which was formed without prior deprotonation of the ligand. 
A series of mono and bis(N-(aryl)salicylaldiminato) zinc complexes were previously 
reported by Darensbourg et al.
15
  These researchers observed that the nature and the relative 
amounts of the zinc precursor used determined the type of complexes that were obtained.  
Reacting the ligands with Zn{N[Si-(CH3)3]2}2 in a stoichiometric ratio of 1:1 (Zn 
precursor:ligand) yielded a mono(salicylaldiminato) zinc complex.  When this ratio was 
changed to 1:2, (Zn precursor:ligand) a bis(salicylaldiminato) Zn(II) complex was obtained.  
In the case where Zn(C2H5)2 was used, only a mono(salicylaldiminato) zinc complex was 
obtained even when large excess of diethyl zinc was added.  Other metal salts such as  ZnCl2, 
Zn(OTf)2, Zn(OAc)2·2H2O and [Zn(CH3CN)4](BF4)2 gave only bis(salicylaldiminato) 
complexes.  However, in these cases prior deprotonation of the ligands with NaH or BuLi 
was necessary. 
A number of Cu(II) salicylaldimine complexes have also been reported in the literature.  
In most Cu(II) systems ligand deprotonation is not essential when Cu(OAc)2·H2O was used as 
metal precursor.
16-18
  Salicylaldiminato complexes of nickel are also readily formed from 
Ni(OAc)2·4H2O and NiCl2·6H2O without prior ligand deprotonation.
19
  Metal complexes of 
aluminium are also readily formed in the presence of Al(CH3)3 without ligand 
deprotonation.
20
  In the case of cobalt complexes, van Wyk et al.
21
 observed that complex 
formation only occurred when the salicylaldimine ligand was deprotonated in-situ with 
sodium hydroxide in the presence of cobalt acetate.  Prior preparation of the sodium salt of 
the ligand using sodium hydride and subsequent complexation did not yield any cobalt 
complex.  Chandran et al.
22
 also reported Co(II) complexes that were prepared in a one-pot 
reaction of salicylaldehyde or its derivatives with 2,6-dialkyl substituted anilines in the 




3.1.2: Dendritic salicylaldimine metal complexes 
Various ways of immobilizing metal catalysts onto supports were introduced in Chapter 
1.  Several researchers have developed Schiff base metal complexes anchored on dendritic 
scaffolds.
23
  Due to the hyper branched nature of dendrimers a number of coordination sites 
can be found in a single molecule.  Metals can be introduced into the system via these 
coordination sites, Figure 3.1, and these compounds are referred to as metallodendrimers.   
 
      
(a)       (b) 
     
  (c)       (d)  
Figure 3.1: Various architectures of metallodendrimers with the metal centers on periphery (a), at the 





The metal sites may be on the periphery as shown in (a), at the core (b), at the 
branching points (c), or in the cavities as encapsulated nanoparticles (d).  The resulting 












Metallodendrimers based on periphery modified polypropylene imine (PPI) scaffolds 
have extensively been explored.
33, 34
  Our group has published dendritic salicylaldimine 
complexes of Ni(II), Co(II), Ru(II) and Cu(II) based on the PPI scaffold.  Malgas-Enus et al. 




 generation Ni(II) 
salicylaldiminato complexes can be obtained by reacting the dendritic ligands with nickel 
acetate.
35, 36
  Copper complexes have also been readily formed from Cu(OAc)2·H2O without 
ligand deprotonation.
37
  However in the case of the cobalt and ruthenium metallodendrimers 
ligand deprotonation was required.
38
 
In this chapter we discuss the synthesis and characterization of mononuclear and 
multinuclear salicylaldiminato Zn(II) complexes.  These complexes were prepared from 
diethyl zinc using either the monofunctional or the multifunctional salicylaldimine ligands 
whose synthesis was described in Chapter 2.  The complexes were characterized using a 
range of analytical techniques such as NMR and FT-IR spectroscopies, mass spectrometry 
and elemental analysis. 
 
3.2: Results and discussion 
3.2.1: Synthesis and characterization of the bis(N-n-propylsalicylaldiminato) Zn(II) 
complexes, C1 – C3  
The synthesis of the mononuclear Zn(II) complexes was achieved by the reaction of the 
monofunctional ligand with diethyl zinc using a mole ratio of 2:1 (ligand: ZnEt2 in toluene, 
Scheme 3.1.  ZnCl2 and Zn(OAc)2·2H2O were also evaluated as metal precursors.  ZnEt2, was 
selected as the best precursor because it afforded the highest yields and purer products since 




necessary unlike in the case for zinc acetate and zinc chloride.  After recrystallization, yields 
of 60 - 70 % were recorded for C1 – C3.  C2 and C3 were recrystallized by slow diffusion of 
methanol into a solution of the complex in CH2Cl2 at a ratio of 2:5 (MeOH:CH2Cl2) at -4°C 
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Scheme 3.1: Mononuclear Zn(II) complexes, C1 – C3 
 
These complexes were obtained as a cream solid for C1, a light yellow solid for C2 and 
a lime green solid for C3.  These products were observed to be soluble in all common organic 
solvents. 
 
FT-IR spectroscopy data for complexes C1 – C3  
The main stretching frequency bands monitored in the IR spectra were those of the 
ν(C=N) and ν(C-O) bands.  From the FT-IR data, (Table 3.1), it was observed that these 
complexes showed a shift of the ν(C=N) peak from around 1630 cm-1 in the free ligands to 
1622, 1616, and 1611 cm
-1
 for C1, C2 and C3 respectively.  The shift of the imine ν(C=N) 




the coordination to the zinc center.  Moreover, the strong bands associated with the ν(C-O) 
stretch shifted from around 1270 to 1326, 1321, and 1324 cm
-1
 in C1, C2 and C3 
respectively.  This suggested that the oxygen was also involved in complex formation.
39
 The 
values obtained for C1 are also similar to those reported by Torzilli et al.
7
 for the same 
compound. 
 
NMR spectroscopy data for C1 – C3 
1
H-NMR data (Table 3.1) show that complex C1 exhibited the imine proton peak at δ 
8.17 ppm as compared to δ 8.30 ppm for the free ligand.  The upfield shift results from the 
shielding of the imine proton as the nitrogen coordinates to the zinc center.  The phenolic 
proton signal was also no longer present signifying the deprotonation of this group and 
subsequent coordination to the metal center.  Another observation is that the signal for the 
methylene protons, CH2, adjacent to the imino group shifts downfield.  There is also an 
increase in the separation between signals of the aromatic protons when going from the free 
ligand to the Zn(II) complex.  This data compares favourably to that reported for the same 
compound by Torzilli et al..
7
  
Similar observations were made for the 
1
H-NMR spectra obtained for complexes C2 
and C3.  In the spectrum of C2 the imino proton signal shifted from δ 8.36 in the ligand to  
δ 8.20 ppm while that of C3 shifted from δ 8.37 ppm in the ligand to δ 8.22 ppm in the 
complex.  This fully supports the notion that the ligand coordinates to the metal center.  The 
signal of the 
t
butyl group at position 3 was observed to be more affected by coordination to 
the metal than the 
t
butyl group that at position 5.  In complexes C2 and C3 this signal for the 
t
butyl group at position 3 shifted upfield by 0.11 and 0.07 ppm respectively.  However, only a 
slight upfield shift of 0.01 ppm is recorded for the protons of the 
t







C-NMR data for C1 – C3 is summarised in Table 3.3.  There was a clear shift of 
the carbon signals compared to those of the free ligand.  The coordination of the ligand to the 
metal produced a downfield shift of imino carbon (C=N) as well as the aromatic carbon 
bonded to the phenolic oxygen (C-O).  There was also a slight downfield shift of the other 
carbon signals.   
 
Mass spectral data for C1 – C3 
In the mass spectrometry analysis of C1 – C3, ESI-MS and FAB-MS were used.  ESI-
MS data for C1 has been previously reported.
7
  The FAB-MS spectrum obtained showed 
peak clusters centered at m/z 614.6, 389.3, 226.1 and 164 (Da).  The cluster of peaks is due to 



















Zn with average abundances of 48.63%, 27.90%, 
4.10%, 18.75%, and 0.62%, respectively.
40
  In the FAB-MS two ionisation processes occur, 




 respectively.   
A proposed fragmentation pattern for C1 is shown in Scheme 3.2.  The ion at m/z 389 
(C1a) is that of the monomeric complex.  The loss of one ligand gives a fragment at m/z 226 
(C1b).  Under the mass spectral conditions used, there was association of C1a and C1b 
giving an ion at m/z 614 (C1c).  This type of aggregation was also reported by Arockiasamya 
et al.
41
 for bis(N-R-salicylaldimine)nickel(II) (where R was methyl, ethyl, n-propyl, n-butyl 
and n-pentyl).  These researchers reported that where R was methyl, aggregates of up to 5 
metal centers were detected.  In the case where R was ethyl to n-pentyl, aggregates with only 
two metal centers were formed.  The loss of the sole Zn metal from C1b formed a fragment 
ion at m/z 164 (Scheme 3.2, C1d).  This fragment ion represents the free ligand, L1.  
C2 was also analysed by ESI-MS and FAB-MS.  The data acquired using the two 




cluster of ions centered at m/z 500.  In the FAB-MS spectrum, the base peak was that of the 
bis-chelate mononuclear singly charged ion of the complex shown in Scheme 3.1 with no 
peaks associated with higher molecular mass ions. 
However in the ESI-MS, the base peak was that of the bis-chelate unsubstituted 
mononuclear, C1, at m/z 391, Figure 3.2.  It can be concluded that under the ESI-MS 
conditions used, the most stable ion was formed after the loss of the 
t






































Scheme 3.2: Fragmentation pattern and proposed aggregation structures for C1 as inferred from  
FAB-MS. 
 
Other significant clusters of peaks were observed at m/z 423, 722 and 826 and these 




formed after the loss of some of the methyl groups of the 
t
butyl substituent.  The ion at m/z 
826 was formed after aggregation of two metal centers with three ligands which was 
subsequently transferred into the gas phase and detected as discussed for C1, while that at 
m/z 722 was formed after the loss of one of the zinc metals from the aforementioned 




C NMR spectra, it can thus 
be concluded that the aggregation only occurs when these complexes are ionized under the 
mass spectral conditions. 
 
 
Figure 3.2: ESI-MS spectrum of bis(N-n-propyl)-3-
t
butyl salicylaldiminato) Zn(II) complexes, C2 
 
C3 was also analysed by ESI mass spectrometry.  A number of ions were observed in 
the spectrum obtained.  The base peak was that of the free ligand at m/z 276 and a singly 
charged ion of the expected zinc complex was observed at m/z 614.  Similar to C2, 
aggregation of ions also occurred.  A peak at m/z 955 corresponding to a fragment of two 
metals associated with three ligands was observed in the spectrum. 
JNM222
m/z






























3.2.2: Synthesis and characterization of the 1
st
 generation Zn(II) metallodendrimers, 
C4 – C6 
The synthesis of the metallodendrimers was carried out following a similar protocol to 
that used for the mononuclear complexes.  The (G1) dendritic ligands were reacted with two 



















































Toluene, r. t. 
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Scheme 3.3: Preparation of the 1
st
 generation (G1) salicylaldiminato Zn(II) complexes 
 
The reaction mixture was stirred at room temperature for the appropriate amount of 
time.  These complexes, C4 – C6, were obtained in good yields as yellow solids of varying 
intensities with complex C6 showing the most intense colour.  The solubility of these 
complexes follows the order C4<C5<C6.  C4 was only slightly soluble in CH2Cl2 and CHCl3 
while C6 was completely soluble in common organic solvents such as CH2Cl2, CHCl3 and 
methanol and partially soluble in toluene.  The presence of 
t
butyl groups on the phenoxy ring 




FT-IR spectroscopy data for C4 - C6 
From the infrared spectral data, Table 3.1, it was observed that there was a shift of the 
imine bands to lower frequency in the complexes as compared to that of the free ligands.  
This band appeared around 1630 cm
-1
 in the ligand while it occurred at 1621, 1618 and 1617 
cm
-1
 for C4, C5 and C6 respectively.  The bands associated with the ν(C-O) also shifted from 
around 1270 to 1324, 1326, and 1327 cm
-1
 in C4, C5 and C6 respectively.   
 
NMR spectroscopy data for C4 – C6 
The 
1
H-NMR data is summarised in Table 3.2.  The imine proton resonance in C4 
shifted from δ 8.34 ppm in the ligand to δ 8.07 ppm.  The phenolic proton was not observed 
signifying the deprotonation of the OH group. This is similar to what was observed for the 
mononuclear complexes.  The remaining protons of the dendrimer framework showed broad 
peaks with a slight downfield shift.  The broadness of these peaks is characteristic of 
dendritic systems due to the difference in the relaxation time of chemically equivalent 
protons.  Another unique observation was that the signal for the methylene proton, CH2, 
adjacent to the imino group in the dendrimer frame work was split into two broad peaks at 





Table 3.1: Salicylaldiminato Zn(II) complexes characterization data 






) Anal Found (Calcd.) 
(C=N) (C-O) C H N 
C1 73 122 – 123 C20H24N2O2Zn 
b
389 (389) 1622 1321 61.52 (61.62) 6.23 (6.21) 7.22 (7.19) 
C2 69 126 - 128 C28H40 N2O2Zn 
b
500 (501) 1616 1321 66.72 (66.99) 7.90 (8.03) 5.26 (5.58) 
C3 62 134 - 136 C36H56 N2O2Zn 614 (613) 1611 1327 70.09 (70.39) 8.71 (9.19) 4.26 (4.56) 
C4 78 
g
350 C44H52N6O4Zn2·075 PhMe 
d, e
859 (858) 1621 1324 63.63 (63.18) 6.15 (6.68) 8.95 (9.08) 
C5 82 
g
350 C60H84N6O4Zn2.·0.5 CH2Cl2 
b, e




















2985 (2752) 1612 1325 70.02 (70.24) 8.97 (9.25) 6.23 (6.87) 
a
Values reported are those obtained from ESI-MS except in C7-C9, 
b
Mass also determined by FAB-MS, 
c
Reported values obtained using MALDI-TOF C6-C9 and were observed 
as sodium adducts, 
c







H-NMR spectra of the other two 1
st
 generation zinc complexes, similar 
observations to those for C4 were made.  In C5, the imino proton was observed at 8.07 ppm, 
while that in C6 was at δ 8.11 ppm.  The imino proton in complex C6 was more shielded than 
that of C5 because of the presence of the two electron donating 
t




C-NMR spectra broad carbon resonances were observed, Table 3.3.  This is a 
common phenomenon for these dendritic systems.  When the data was compared to that of 
the free ligands, a significant downfield shift of the imino carbon (C=N) and the aromatic 
carbon containing the O atom (C-O) is observed.  There is also a slight downfiled shift of the 
other carbon signals.  
 
Mass spectral data for C4 – C6 
These 1
st
 generation Zn(II) salicylaldiminato complexes undergo fragmentation upon 
ionization under the ESI-MS conditions used.  The ESI-MS data obtained for C4 showed a 
singly charged molecular ion of the expected complex but with very low abundance (below 5 
%).  The base peak was that of a triply charged molecular ion of the free ligand at m/z 246.  
The other significant peaks are those of multiply charged ions of the free ligand, L4.  In fact, 
the spectrum looks very similar to that of the free ligand, L4, obtained under similar 
conditions.  The only difference is a number of ion peaks with very low abundance (below 5 
%) that can be assigned to a doubly charged molecular ion of C4 as well as ions resulting 
from fragmentation of the molecular ion of the complex.  PPI and PAMAM dendrimers have 
previously been shown to form multiply charged species when analysed by ESI-MS.
42
   
In the case of C5, the higher abundance peaks are those of the singly, doubly and triply 
charged molecular ions of the free ligand, L5, at m/z 958, 480 and 320 respectively, Figure 




be assigned to a sodium adduct of the singly charged molecular ion of C5 containing 4 Na 
ions.  Similar observations are made for C6.  Again the peaks with high abundance 
corresponded to the free ligand, L6, as well as the doubly and triply charged ions of the 
ligand.   
 
 
Figure 3.3: ESI-MS spectrum of G1, 3-
t
butyl phenyl salicylaldiminato Zn(II) complex, C5 
 
Due to the high fragmentation observed in the ESI-MS spectra, matrix-assisted laser 
desorption-ionization time-of-flight) mass spectrometry (MALDI-TOF MS) was used to 
determine the molecular mass of these complexes.  The use of a matrix renders this a softer 
ionization technique thus reducing the fragmentation of the analyte.  In the spectra obtained, 
singly charged ions at m/z 859, 1082 and 1309 were obtained for C4, C5 and C6 
respectively.  These m/z values correspond to the expected molecular weight for the G1 
dendritic salicylaldimine ligand with two zinc metals centers.  The base peaks for the three 
JNM 167
m/z


















compounds were obtained as sodium adducts of the doubly charged molecular ion of the 
metal complexes.  The spectrum for C6 is shown as an example, Figure 3.4.   
In addition C5 was also analysed by FAB-MS.  Similar to the MALDI-TOF results, a 
singly charged molecular ion of the expected complex was observed at m/z 1084.  Other ions 
observed in the spectrum are those of the singly charged ion of the free ligand at m/z 958, as 
well as that of a cyclic quaternary ammonium ion species observed at m/z 571 which are 
similar to those for the ligands as discussed in Chapter 2. 
 
 
Figure 3.4: MALDI-TOF spectrum of G1, 3, 5 phenyl- 
t
butyl salicylaldiminato Zn(II) complex, C6  











































H-NMR data for the salicylaldiminato Zn(II) complexes
a 
Complex HC=N Ar-H HC=NCH2 CH2 CH3 C(CH3)3 
C1 8.17 (s, 2H) 7.30 (t, 2H, 
3
JHH = 8.4 Hz) 
7.11 (d, 2H, 
3
JHH = 7.9 Hz) 
6.85 (d, 2H, 
3
JHH = 8.5 Hz) 
6.61 (t, 2H, 
3
JHH = 7.9 Hz) 
3.52 (t, 4H, 
3
JHH = 7.2 Hz) 1.63 (m, 4H) 0.89 (t, 6H, 
3
JHH = 7.4 Hz) - 
C2 8.20 (s, 2H) 7.37 (d, 2H, 
3
JHH = 7.5 Hz) 
7.03 (d, 2H, 
3
JHH = 7.7 Hz) 
6.57 (t, 2H, 
3
JHH = 7.7 Hz) 
3.49 (t, 4H, 
3
JHH = 7.2 Hz) 1.63 (br m, 4H) 0.88 (t, 6H, 
3
JHH = 7.4 Hz) 1.42(br s, 18H) 
C3 8.22 (s, 2H) 7.47 (d, 2H, 
4
JHH = 2.8 Hz) 
6.97 (d, 2H, 
4
JHH = 2.8Hz) 
3.51 (t, 4H, 
3
JHH = 8.0 Hz) 1.68 (br m, 4H) 0.89 (t, 6H, 
3
JHH = 8.0 Hz) 1.42 (br s, 18H) 
1.35 (br s, 18H) 
b
C4 8.07 (s, 4H) 7.20 (t, 4H, 
3
JHH = 6.8 Hz) 
7.06 (d, 4H, 
3
JHH  = 7.7 Hz) 
6.77 (t, 4H, 
3
JHH = 7.6 Hz) 
6.51 (t, 4H , 
3
JHH = 7.0 Hz) 
4.32 (br m, 4H) 
3.36 (br t, 4H) 
2.58 – 2 46 (br signal, 12H) 
1.78 – 1.68  (br signal, 8H) 
1.12 (br signal, 4H) 
  
C5 8.06 (s, 4H) 7.23 (d, 4H, 
3
JHH  = 7.5 Hz) 
6.94 (d, 4H, 
3
JHH = 7.7 Hz) 
6.42 (t, 4H, 
3
JHH  = 7.5 Hz) 
4.46 (br signal, 4H) 
3.35 (br signal, 4H) 
2.74 - 2.69 (br signal, 12H) 
1.87 -1.73 (br signal,  8H 
1.22 (br signal, 4H) 
 1.36 (br s, 36H) 
C6 8.11 (s, 4H) 7.35 (br t, 4H) 
6.92 (d, 4H, 
3
JHH = 7.8 Hz) 
 
4.53 br signal, 4H) 
3.38 (br signal, 4H) 
2.75 (br signal, 12H) 
1.87 -1.77 (br signal, , 8H) 
1.57 (br s, 2H) 
 1.43 (br s, 36H) 






Table 3.2: continued… 
C7 8.09 (s, 8H) 7.17 (t, 8H, 
3
JHH = 8.2 Hz) 
7.04 (d, 8H, 
3
JHH = 7.8 Hz) 
6.75 (t, 8H, 
3
JHH = 8.4 Hz) 
6.48 (t, 8H, 
3
JHH = 7.3 Hz) 
4.35 (br signal, 8H) 
3.44 (br signal, 8H) 
2.66 – 2.55 (br signal,24H) 
2.09 (br signal,, 16H) 
1.92 (br signal, 8H) 
1.80 (br signal, 8H) 
1.32 (br signal, 8H) 
1.10 (br signal, 4H) 
  
C8 8.09 (s, 8H) 7.30 (br d, 8H) 
6.76 (br d, 8H) 
6.49 (br t, 8H) 
4.51 (br signal, 8H) 
3.37 (br signal, 8H) 
2.75(br signal, 24H) 
2.19(br signal, 12H) 
1.94(br signal, 8H) 
1.83(br signal, 8H) 
 
 1.29 (br s, 72H) 
C9 8.07 (s, 8H) 7.32 (br t, 8H) 
6.86 (br d, 8H) 
4.51 (br signal, 8H) 
3.37 (br signal, 8H) 
2.75(br signal, 24H) 
1.94(br signal, 8H) 
1.84(br signal, 8H) 
 
 1.38 (br s, 72H) 
1.27 (br s, 72H) 
a
300 MHz (CDCl3, δ in ppm), 
b












C-NMR shifts (  in ppm) for the salicylaldiminato Zn(II) complexes
a 
Complex HC=N C-OH Ar-C HC=NCH2 CH2 CH3 C and (CH3)3 
C1 171.34 169.42 139.63, 132.76, 122.54, 117.98, 114.11 62.86 23.05 10.93  
C2 171.44 170.43 142.14, 134.15, 131.18, 118.02, 113.21 63.16 23.79 11.38 35.28, 29.23 
C3 171.76 168.59 141.52, 134.80, 129.46, 129.35, 116.69 63.15 23.92 11.39 35.51, 34.11, 
31.41, 29.31 
b
C4 171.55 168.54 134.80, 133.45, 123.04, 118.75, 113.11 57.33 52.09, 47.59, 46.98, 26.02, 18.28, 17.68   
C5 171.67 168.51 134.87, 133.38, 126.07, 119.30, 112.85 57.36 52.29, 51.57, 46.95, 45.75, 26.14, 18.03, 
16.87 
 31.45, 26.13 
C6 170.60 168.28 140.80, 133.53, 128.48, 128.12, 117.68 57.24 52.47, 51.76, 47.31, 47.09, 26.20, 17.57, 
17.00 
 35.19, 33.88, 
31.72, 29.67 
C7 171.59 168.67 134.82, 133.56, 123.07, 118.69, 113.14 57.48 53.71, 52.21, 51.57, 46.25, 26.13, 24.95, 
18.15 
  
C8 171.62 168.75 134.85, 133.66, 123.13, 118.73,113.24 57.43 52.27, 51.64, 46.15, 28.52, 26.02, 25.00, 
18.22 
 31.55, 26.18 
C9 171.35 168.58 137.83, 133.48, 123.09, 127.67, 116.89 57.34 52.98, 52.07, 47.33, 28.64, 26.19, 24.95, 
18.17 
 35.35, 34.01, 
31.77, 29.53, 
a
50 MHz (CDCl3, δ in ppm), 





Elemental analysis data and other analytical data for C4 – C6 
The micro analysis data obtained for the 1
st
 generation Zn(II) salicylaldiminato 
complexes are shown in Table 3.1 and explicitly confirmed the molecular formulae as 
proposed in Scheme 3.3.  The data also suggest solvent molecule inclusion within the cavities 
of the dendrimers.  This is typical of these dendritic compounds.  
 
Thermal gravimetric analysis (TGA) for C4 – C6 
Thermogravimetric analysis (TGA) was performed on compounds C4 – C6. The 
thermogram obtained for C6 is given as an example, Figure 3.5.  The decomposition profiles 
obtained for these metallodendrimers were similar and compare favourably to those of 
analogous Cu(II) and Co(II) complexes reported by Van Wyk.
37
  There is an initial mass loss 
of 3 % between 100 and 150°C.  This can be attributed to the loss of residual toluene 
encapsulated in the cavities of the dendrimer.  The presence of toluene was observed in the 
NMR spectrum and can also be accounted for on closer inspection of the micro analysis 
results, Table 3.1.  It should be noted that toluene was the solvent employed in the synthesis 
and proved difficult to remove even after prolonged drying at elevated temperature under 
vacuum.   
There is minimal decomposition up to 320 °C.  The major and last stage of the 
decomposition occurred as a single step between 350 to 400°C and reflected a mass loss of 
approximately 57 % relative to the initial mass.  This can be attributed to the loss the phenolic 
rings.  El-Said et al.
43
 proposed that the phenolic rings of similar systems are lost first as free 
radicals. 
C4 and C5 showed similar decomposition profiles.  Trapped toluene that represents 
about 5 % of the total mass was lost at around 120 °C.  The major mass loss of about 50 % 




slightly higher than 40 %.  The presence of 
t
butyl substituent groups does not seem to greatly 
influence the thermal stability of these G1 Zn(II) metallodendrimers.  van Wyk et al.
37
 
similarly reported that the presence of 
t
butyl groups did not the affect thermal stability of 
Cu(II) and Co(II) metallodendrimers for the same dendrimer scaffold.   
 
 
Figure 3.5: Thermogram obtained for C4 
 
Differential scanning calorimetry (DSC) for complexes C4 - C6 
The zinc metallodendrimers were subjected to DSC analysis over the temperature range 
of -20 to 210 °C.  The DSC experiment entailed heating the sample at a rate of 10 °C/min 
then cooling followed by a second heating cycle.  In all cases two thermal transitions were 




of 75 - 90 °C while the broad Tm endotherm was observed at around 180 °C.  The 
thermograms obtained for the first generation C4 is given as an example.   
The Tg of the first generation dendrimers (C4-C6) were relatively weaker in intensity 
while the Tm were relatively broad but becomes sharper with increasing number of 
t
butyl 
substituents on the aromatic ring.  C6, the system which is di-substituted, showed two 
endothermic events at ca. 161 and 175 °C both of which can be associated with melting.  It 
would appear that C6 has two different phases in the solid state.  Further investigation 
however is required to confirm this.  Ropponet et al.
44
 reported similar broadening of the 
melting endotherm for aliphatic polyester dendrimers. 
The lack of a Tm in the second heating cycle would seem to indicate that these 
compounds are not able to recrystallize from the melt.  This was confirmed by the absence of 
any crystallization exotherm during the cooling cycle.  It would thus appear that for these 
complexes there was loss of thermal memory during the cooling cycle.  Such observations 
have been made for other dendritic systems.  Emran and coworkers reported that amide based 
dendrimers lost their thermal memory after the 1
st
 heating cycle with no exothermic event on 
cooling even after using a slower cooling rate of -3 °C/min.
45
  Loss of thermal memory could 
also be due to vitrification as proposed by Wooley et al.
46
  This however was not the case in 
our complexes. 
There was also a gradual endothermic desolvation of the complexes between 50 – 90 °C 









Figure 3.6: DSC plot for complex C4 
 
3.2.3: Synthesis and characterization of the 2
nd
 generation Zn(II) metallodendrimers,  
C7 – C9 
The 2
nd
 generation metallodendrimers were synthesised using a similar protocol to that 
of the mononuclear complexes.  The G2 dendritic ligands, L7 – L9, were reacted with four 
mole equivalents of diethyl zinc in toluene.  The reaction mixture was stirred at room 
temperature for the appropriate amount of time.  Complexes C7 – C9, Figure 3.7, were 
obtained as yellow solids in good yields.  These complexes were completely soluble in 
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 Generation (G2) salicylaldiminato Zn(II) metallodendrimer 
 
FT-IR spectroscopy data for C7 – C9 
The infrared spectral data is summarized in Table 3.1.  Similar to the 1
st
 generation 
metallodendrimers, the imine band was observed at lower wave numbers of 1615, 1617 and 
1612 cm
-1
 for C7, C8 and C9 respectively.   
 
NMR spectroscopy, C7 – C9 
The 
1
H-NMR data obtained for these complexes is similar to that of the G1 analogues 
(Table 3.2).  The imine proton resonance shifted from around δ 8.30 ppm in the ligands to δ 
8.07 ppm in C9 and 8.09 ppm in both C7 and C8.  Again the phenolic proton was also 




dendrimer framework protons.  However, the shift was greater for the aromatic proton as 
compared to those of the dendrimer scaffold.  Broad peaks were obtained for the protons of 
the dendritic scaffold due to differences in relaxation time of chemically equivalent protons.
47
   
Similar to the 
13
C-NMR data obtained for G1 analogues, the G2 complexes also gave 
broad carbon resonances, Table 3.3.  There was also a significant downfield shift of the 
signals of imino carbon (C=N) and the aromatic carbon with oxygen bonded to it (C-O) was 
observed.   
 
Mass spectrometry data, C7 – C9 
In the ESI mass spectrum obtained for C7 no singly or doubly charged molecular ions 
are observed.  The expected molecular weight was 1860.  The highest molecular mass peak 
was that of a singly charged ion corresponding to the ligand, [L7 + H]
+
 (m/z 1607).  The base 
peak was that of the doubly charged ion of the ligand at m/z 804.  Other observed ions are 





















m/z 831 m/z 457
 
Figure 3.8: Fragments obtained in the ESI-MS spectra for 2
nd
 generation- (phenyl- 3, 5 – tbutyl) 





It should be noted that although the molecular ions of the dendritic complexes were not 
observed, daughter ions arising from the complex molecular ions were detected as shown in 
Figure. 3.8.   
Similar ESI-MS data were obtained for C8 and C9.  The highest mass peak observed is 
that of the molecular ion of the ligands, L8 and L9.  Suitable mass spectrometry data for the 
2
nd
 generation dendrimer complexes using FAB-MS could also not be obtained.  Other 
researchers have reported that classical mass spectrometry techniques can only be used for 
the characterization of small dendrimers whose molecular mass is < 3000.  ESI –MS is 
mainly used where the dendrimers are able to form multiply charged ion species.
50 
 
Thermal analysis (TGA) for C7 – C9 
Thermogravimetric analysis (TGA) was performed on complexes C7 – C9.  The 
thermogram obtained for C7 is given as an example, Figure 3.9.  Similar to the 1
st
 generation 
complexes, there was an initial mass loss of approximately 5 % which occurred between 100 
and 150 °C.  This loss was ascribed to the release of the encapsulated toluene.  The presence 
of toluene can also be accounted for from the micro analysis whose data is shown in Table 
3.1.   
The next stage of the decomposition occurs as a single step with approximately 50% 
mass loss for C7 between 350 to 400 °C.  Once again this was as a result of loss the phenolic 
rings.  However C8 and C9 showed slightly different decomposition profiles around this 
temperature.  Two distinct decomposition steps are observed at ca 320 and 450 °C.  This 
could be as a result of the initial loss of the 
t
butyl substituent groups followed by the phenolic 
rings.  The presence of 
t
butyl substituent groups seems to increase the thermal stability of 
these G2 Zn(II) metallodendrimers.  These bulky 
t




intermolecular interactions with the phenol moiety and in return enhancing the thermal 
stability of these complexes similar to the G1 analogues C4 - C6. 
 
 
Figure 3.9: Thermogram obtained for C7 
 
Differential scanning calorimetry (DSC) for complexes C7 – C9 
The second generation complexes showed a similar trend with regard to the melting 
transition.  However the Tg of these second generation analogues (C7-C9) were more intense 
than those of the first generation dendrimers (C4-C6).  The thermogram obtained for C9 is 
given as an illustration, Figure 3.10.  Once again the unsubstituted analogue (C7) showed a 
very broad Tm endotherm.  This endotherm becomes sharper with increasing the number of 
the substituents on the aromatic ring.  The 3, 5-
t
butyl substituted complex C9 showed a very 




analogues in the 2
nd
 generation series.  The alkyl substituents possibly affect intermolecular 
interactions leading to lowering of the melting point.   
 
 
Figure 3.10: DSC profile for complexes C9 
 
3.3: Conclusions 
Mononuclear and multinuclear salicylaldiminato complexes were successfully prepared 
by the reaction of the various ligands with diethyl zinc.  The complexes were fully 
characterized using a range of analytical techniques namely NMR and FT-IR spectroscopy, 
elemental analysis, mass spectrometry and thermal analysis (TGA and DSC).   
The mononuclear complexes C1 - C3 were observed to form dimeric aggregates when 
ionized during the mass spectrometry analyses.  The G1 complexes, C4 - C6, formed 




These dendritic complexes were observed to be stable up to 300 °C, after which 
decomposition sets in.   
 
3.4: Experimental 
3.4.1: Materials and instrumentation 
All manipulations were carried out on a double manifold Schlenk vacuum line under an 
atmosphere of nitrogen.  All solvents used were of analytical grade and were dried and 
distilled prior to use.  Toluene, hexane, and pentane were distilled from 
sodium/benzophenone, methanol from magnesium turnings/iodine and dichloromethane over 
phosphorous pentoxide.  Diethyl zinc (1.1 M solution in toluene), ZnCl2 and 
Zn(OCH3)2·2H2O were obtained from Sigma-Aldrich Ltd.  All starting reagents were used 
without further purification. 
The NMR spectra were recorded on a Varian 300 VNMRS spectrometer (
1





H} at 75.4 MHz) or (
1




H} at 100 MHz) at room temperature 
using tetramethylsilane as an internal standard.  The chemical shifts are reported in δ (ppm) 
and referenced relative to the NMR solvent.   
ESI-MS spectra were obtained on a Waters API Q-TOF Ultima spectrometer calibrated 
with NaF at the University of Stellenbosch.  Fast atom bombardment mass spectrometry 
(FAB-MS) was performed on a VG70SE using an 8kV argon atom source and 3-nitrobenzyl 
alcohol matrix at the University of the Witwatersrand.  MALDI-TOF mass spectrometry was 
carried out on a Voyager DE STR MALDI-TOF spectrometer at the University of 
Stellenbosch.   
Micro analyses were performed at the University of Cape Town micro analytical 
Laboratory.  Infrared spectra were recorded on a Nicolet Avatar 330 FT-IR 




Melting points were determined on a Stuart Scientific melting point apparatus (SMP3) 
at heating rate of 0.5 °C/min.  Thermogravimetric analyses (TGA) were done on a TGA 
Q500 V6.7 modulus coupled with a thermal analyser.  The differential scanning calorimetric 
(DSC) curves were recorded in a closed system on a DSC Q100 V9.9 Build 303 modulus.  
An aluminum pan was loaded with ca. 5 mg of sample and heating ramped at 10 °C/min 
under a nitrogen atmosphere at a flow rate of (50 ml/min).  A pinhole on the lid was made to 
prevent pressure build up due to gaseous products.  The thermal analytical data was collected 
between 20 to 598°C while DSC was from -20 to 200 °C.   
 
3.4.1.1: General method for the MALDI-TOF MS spectrometry 
The MALDI-TOF MS spectra for C5 - C9 were recorded on a Voyager DE STR 
MALDI-TOF spectrometer equipped with a 2 m linear and a 3 m reflector flight tube and a 
337 nm nitrogen laser.  All spectra were obtained with an acceleration potential of 20 kV in 
the positive ion mode in ACTH linear and reflector mode.  Dithranol was used as matrix (40 
mg/mL in THF) sodium triflouroacetate was used as the ionizing salt (1 mg/mL in THF) and 
the ligands (10 mg/mL in THF).  The three solutions were then mixed at a volume ratio of 
10:5:1 for matrix:ligand:NaTFA.  The solution mixture was then spotted on a steel plate and 
air dried.  In the case of C4, 20 mg of appropriate matrix, 10 mg of the sample and 5 mg 
NaTFA were ground together.  The sample was then mounted by smearing the mixture on a 
sample plate using a microspatula.  A drop of THF (less than 0.5 µl) was added to have better 
adhesion of the sample on the plate.  The sample was left to dry in air.  Calibration was done 
using a polyethylene glycol (PEG) 1000 (Da) sample.  All the data were processed using the 





3.4.2: Preparation of salicylaldiminato Zn(II) complexes 
3.4.2.1: General procedure for the synthesis of mononuclear Zn(II) complexes; C1 – C3 
The complexes were prepared by the reaction of diethyl zinc with two mole equivalents 
of ligands; L1 – L3.  The synthesis of C1 is used to illustrate this.  
In a Schlenk tube, a degassed yellow solution of n-propyl-salicylaldimine ligand; L1 
(0.3 g, 1.8 mmols) in dry toluene (10 mL) was mixed with diethyl zinc (1.0 mL, 1.0 mmols).  
The yellow mixture was stirred at room temperature for 2 h.  No visible changes were 
observed over the reaction time.  After 2 h, all volatiles were removed yielding a cream-
yellow solid.  The solid was dissolved in CH2Cl2, air filtered and all volatiles removed.  A 
white crystalline product was obtained after recrystallization from hexane (3 mL) at -78 °C.  
C2 and C3 were was recrystallized by slow difusion of ethanol into a solution of the complex 
in dichloromethane at a volume ratio of 2:5.  The complexes were obtained in moderate to 
good yields between 62 -75 %.  C1 was cream in colour, C2 was light yellow while C3 was 
yellow-green (lime) in colour.  
 




 generation salicylaldimine 
metallodendrimers C4 - C9 
1st or 2nd generation salicylaldimine ligands; L4 – L9 were reacted with appropriate 
amounts of Zn(C2H5)2.  All the complexes were obtained as light yellow solids.  The 
synthesis of C5 is used as an example.   
In a Schlenk tube a degassed solution of L5, (0.3 g, 0.313 mmol) in dry toluene (10 
mL) had Zn(C2H5)2 (0.9 mL, 0.9 mmols) added.  The solution was then stirred at room 
temperature.  After 20 minutes, the solution went cloudy and a precipitate began to form after 
about 40 minutes.  The mixture was stirred for a further 1 h.  No further changes were 




was insoluble in most common solvents except for CH2Cl2, THF and CHCl3 in which it was 
partially soluble irrespective of the solution temperature.   
A similar protocol was used for the synthesis of C4 and C6; however longer reaction 
times (up to 6 h) are required to achieve appreciable yields.  Yields 80 – 96 %.   
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Chapter 4 : Synthesis and Characterization of 






Salicylaldiminato and pyrrolylaldiminato palladium complexes have previously been 
applied as catalyst precursors in various processes.  Metal complexes stabilized by anionic 
bidentate chelating pyrrolylaldimine ligands were first reported in the 1960’s by Holm et al.1, 
and Yen et al.. 
2
  However until they were reported as catalysts by Brookhart and Gibson in 
the 1990’s they had not received much attention as compared to other types of Schiff base 
ligands e.g. salicylaldimines.
3, 4
  Since then, several researchers have evaluated these 
complexes as catalyst precursors.  Metal complexes of these N, N bidentate ligands include 
those of Ti(IV)
5, 6






























.  Most of the pyrrole-imine complexes have been used in the oligomerization and  of 
olefins.
29
  We have previously synthesised and applied Cu(II), Ni(II) Co(II) and Co(III) 
pyrrolylaldiminato complexes as catalysts in the oxidation of phenol and cyclohexene.
15, 29
  
Another application has been as lactide polymerization catalysts.
23, 31
 
The preparation of these complexes is similar to that of other Schiff base metal 
complexes.  As with the salicylaldimine systems discussed in Chapter 3, the synthetic route to 
pyrrolylaldiminato metal complexes is dependent on the target molecule.  The most favoured 
approach is the preparation of the ligand salt followed by complexation with the metal 
precursor.  This protocol allows for the development of metal compounds with ancillary 
ligands where necessary as in the case with Ru(II)
11
 and Ni (II)
16, 32
.  The template-type 
synthesis favours bis-ligated metal complexes and is best suited when one of the 
intermediates is chemically unstable as reported for a Co(II) complex by Chandran et al.
33
  
In this Chapter we report on the synthesis and characterization of mononuclear and 
multinuclear of Pd(II) complexes derived from pyrrole-imine and salicylaldimine ligands.  




complexes were characterized using a range of analytical techniques such as NMR and FT-IR 
spectroscopy, mass spectrometry and micro analysis.  The molecular structure of C14 was 
also determined using single crystal X-ray diffraction (SXRD). 
 
4.2: Results and discussion 
4.2.1: Preparation of mononuclear pyrrolylaldiminato Pd(II) complexes, C10 and C11 
4.2.1.1: Preparation and characterization of the mononuclear pyrrolylaldiminato Pd(II) 
complexes, C10 
The mononuclear pyrrolylaldiminato Pd(II) complex was prepared by first 
deprotonating the pyrrole-imine ligands with sodium hydride in stoichiometric amounts.  The 
deprotonation proceeded cleanly affording a pink solution of the ligand salt.  After filtration 
of unreacted NaH under nitrogen, the sodium salt of the ligand was then reacted with 
Pd(OAc)2·H2O in a mole ratio of 2:1 respectively, Scheme 4.1.  On adding the acetate, the 
pink solution gradually turned orange.  After 6 hours all volatiles were removed.  The 
synthetic protocol is similar to that reported for Cu(II) analogues but with slight 
modification.
15
  An analytically pure orange crystalline product was obtained after 
recrystallization by slow evaporation from hexane giving a 78 % yield.  Complex formation 
can also be achieved without the deprotonation of the ligand but with lower yields and 
requiring longer reaction time.   
These complexes are stable at room temperature and can be stored without apparent 
decomposition in the solid state.  Some palladium black was formed after prolonged time in 





FT-IR spectroscopy data for C10 
The FT-IR spectrum obtained for C10 showed a shift to lower frequency by about  
36 cm
-1
 to 1600 cm
-1
 for the ν(C=N) stretching band in the complex, Table 4.1.  This shift 
signifies the coordination of the ligand to the palladium through the imino nitrogen.  The 
absence of the broad band at ca. 3200-3084 cm
-1
 was indicative of deprotonation of the 

















Scheme 4.1: Synthetic route for pyrrole-imine Pd(II) complex, C10 
 
NMR spectroscopy data for C10 
The 
1
H-NMR spectrum of complex C10 exhibits the imine proton peak at δ 7.42 ppm 
compared to δ 8.04 ppm for the free ligand.  Coordination of the ligand to the palladium 
resulted in an upfield shift of the imine proton resonance.  The resonance of the methylene 
protons, CH2, adjacent to the imino group (C=NCH2) also shifted upfield by about 0.03 ppm.  
The central CH2 of the propyl group showed a downfield shift of 0.09 ppm while the terminal 
CH3 showed a downfield shift of only 0.01 ppm.  In the pyrrole ring, the proton at position 5 
showed a slight downfield shift of 0.06 ppm compared to that of the free ligand to δ 6.97 ppm 
in the complex.  However the resonance of the proton at position 3 gave an upfield shift of 




the proton at position 4 resonating at δ 6.72 ppm. The complete 1H-NMR data is summarized 
in Table 4.3. 
In the 
13
C-NMR data, Table 4.2, there is a clear shift of the carbon signals when 
compared to those of the free ligand.  The coordination of the ligand to the metal produces a 
downfield shift of the imino carbon (C=N) resonance by 10 ppm to δ 161.73 ppm as 
compared to the ligands free ligand.  The resonances of the pyrrole carbon also shift 
downfield.  However, the propyl carbons show a slight upfield shift 
 
Mass spectrometry data for C10 
ESI-MS was used in the mass spectrometry analysis of C10.  The data obtained concur 
with a bis(pyrrolide-imine) Pd(II) complex.  An isotopomeric cluster of singly charged 
molecular ions centered at m/z = 377 for [M+H]
+












Pd with percentage abundance of 1.02, 11.14, 22.33, 
27.33, 26.46 and 11.72 respectively.  Dimerization after ionization similar to that of the 
mononuclear zinc complexes, discussed in Chapter 3 was also observed for this palladium 
complex.
34
  Scheme 4.2 shows the fragmentation and aggregation  The NMR spectral data 
(Table 4.3) as well as the elemental analysis (Table 4.1) agreed with the calculated values 





Table 4.1: Characterization data for Pd(II) complexes of pyrrolylaldimine and salicylaldimine ligands  






) Anal Found (Calcd.) 
(C=N) (C-O) C H N 
C10 78 199-201 C16 H22 N4 Pd 378 (377) 1600  50.90 (51.0) 5.99 (5.89) 14.52 (14.87) 
C11 70 270-272 C34 H42 N4 Pd 614 (613) 1591  66.30 (66.60) 6.85 (6.90) 9.27 (9.14) 
a, b
C12 52 150-280 C44 H60 N10 O8 Pd4·THF - 1582  43.59 (42.30) 5.77 (5.62) 12.69 (10.28) 
a, b
C13 53 120-320 C96 H136 N22 O16 Pd8·4THF - 1583  44.40 (44.93) 6.64 (5.68) 12.6 (10.69) 
C14 67 191-193 C20 H24 N2 O2 Pd 431 (430) 1614 1318 55.62 (55.76) 5.82 (5.61) 6.26 (6.50) 
C15 65 153-155 C28 H40 N2 O2 Pd 543 (542) 1607 1305 61.72(61.93) 7.02 (7.42) 4.86 (5.16) 
C16 70 179-181 C36 H56 N2 O2 Pd 655 (654) 1610 1307 65.84 (65.99) 8.17 (8.61) 3.60 (4.28) 
a, b
C17 85 300-400 C44 H52 N6 O4 Pd2·0.5H2O - 1620 1319 55.44 (55.58) 5.48 (5.62) 8.73 (8.73) 
a
Decomposition temperature range as determined using TGA, 
b






C-NMR shifts (75 MHz in CDCl3  in ppm) data for the mononuclear pyrrolylaldiminato and salicylaldiminato complexes
a 
 HC=N Ar-C-X Ar-C HC=NCH2 -CH2- -CH3 
t




C10 161.73  139.93, 135.61, 117.13, 110.66 60.19 24.10 10.55   
C11 164.3 160.9 
146.9, 142.9, 139.2, 137.3, 135.8, 127.5, 
126.4, 118.1, 118.3, 
    
28.1, 28.0, 25.7, 
24.4, 22.7, 22.3 
C14 164.46 161.52 134.35, 133.99, 120.29, 120.14, 114.80 60.13 25.39 11.31   
C15 164.28 162.02 139.47, 132.49, 131.19, 122.30, 114.38 60.68 25.85 11.24 35.18, 29.21  
C16 162.42 162.23 138.71, 136.08, 129.35, 127.82, 121.23 60.64 25.82 11.24 35.42, 33.29, 31.34, 29.28  
a






H-NMR (300 MHz in CDCl3,  in ppm) data for the pyrrolylaldiminato and salicylaldiminato Pd(II) complexes
a
 





C10 7.42 (s, 2H) 6.97 (br s, 2H) 
6.72 (dd, 2H, 
3
JHH = 4.8 Hz) 
6.22 (dd, 2H, 
3
JHH = 5.4 Hz) 
3.56 (t, 4H, 
3
JHH = 7.2 Hz) 1.82 (m, 4H, 
3
JHH = 7.4 Hz) 0.99 (t, 6H, 
3
JHH = 7.4 Hz)   
C11 7.39 (s, 2H) 7.06(m, 3H, Ph-H) 
6.92 (m, 3H) 
6.81 (d, 2H, 
4
JHH = 2.3 Hz 
6.38 (dd, 2H, 
4
JHH = 1.9 Hz) 
    0.96 (m, 24H) 
3.33 (m, 4H) 
C14 7.62 (s, 2H) 7.25 (dt, 2H, 
3
JHH = 8.2 Hz) 
7.20 (dd, 2H, 
3
JHH = 7.8 Hz) 
6.87 (d, 2H, 
3
JHH = 8.4 Hz) 
6.58 (dd, 2H, 
3
JHH = 7.9 Hz) 
3.69 (t, 4H, 
3
JHH = 7.4 Hz) 1.84 (m, 4H, 
3
JHH = 7.4 Hz) 1.00 (t, 6H, 
3
JHH = 7.4 Hz)   
C15 7.48 (s, 2H) 7.26 (dd, 2H, 
3
JHH = 7.5.Hz) 
7.04 (dd, 2H, 
3
JHH = 7.8 Hz) 
6.53 (t, 2H, 
3
JHH = 7.6 Hz) 
3.86 (t, 4H, 
3
JHH = 7.2 Hz) 2.12 (m, 4H, 
3
JHH = 7.2 Hz) 1.12 (t, 6H, 
3
JHH = 7.4 Hz) 1.39 (br s, 18H)  
C16 7.48 (s, 2H) 7.33 (d, 2H, 
4
JHH = 2.7 Hz) 
6.97 (d, 2H, 
4
JHH = 2.7 Hz) 
3.84 (t, 4H, 
3
JHH = 7.1 Hz) 2.08 (m, 4H, 
3
JHH = 7.3 Hz) 1.10 (t, 6H, 
3
JHH = 7.3 Hz) 1.38 (br s, 18H) 
1.27 (br s, 18H) 
 
a
























































Scheme 4.2: Fragmentation pattern and proposed aggregation structures inferred from ESI-
MS spectrum of C10. 
 
4.2.1.2: Synthesis and characterization of the mononuclear pyrrolylaldiminato Pd(II) 
complexes, C11 
The neutral Pd(II) complex, C11, was obtained as an orange crystalline product from 
the reaction of the sodium salt of L11 with palladium acetate in 2:1 mole ratio respectively, 
Figure 4.1.  Analytically pure orange crystalline material was obtained after recrystallization 
by slow diffusion of hexane into a solution of the compound in CH2Cl2.  Although this is a 
previously reported compound, we used a different synthetic protocol.  The complex was 
obtained in good yield and the characterization data obtained from NMR and FT-IR 




complex reported by Liang et al..
20
  C11 was soluble in most organic solvents except hexane 
and pentane.  
 
NMR spectroscopy data for C11 
From the 
1
H-NMR data obtained, the imino proton resonance signal was observed at δ 
7.39 ppm as compared to δ 8.02 ppm in the free ligand, Table 4.3.  The peak of the NH 
proton at 11.33 ppm in the free ligand was also missing suggesting that the pyrrole nitrogen 









Figure 4.1: Structure of a neutral pyrrole-imine Pd(II) complex, C11. 
 
Other characterization data for C11 
The ESI-mass spectrum obtained showed a weak peak at m/z 654 that was assigned to a 
sodium adduct of a singly charged molecular ion, Figure 4.2.  The base peak is that of the 
singly charged ligand ion which was obtained after the demetallation.  Unlike in the case of 
aliphatic analogue C10, no dimers were observed.  This may be attributed to the steric 
influence of the aromatic group.  Minimal fragmentation was observed.  This suggests that 
under the conditions employed, C11 was relatively stable.  The micro analysis is also 





Figure 4.2: ESI-MS spectrum of C11 
 
4.2.2: Preparation of dendritic pyrrolylaldiminato Pd(II) complexes 
4.2.2.1: Preparation and characterization of the G1 dendritic pyrrolylaldiminato Pd(II) 
complex, C12 
A similar protocol to that of the mononuclear complexes was employed in the 
preparation of the G1 dendritic Pd(II) complex.  The sodium salt of L12 was reacted with 
Pd(OAc)2·H2O. An orange material precipitated out.  Due to the insolubility of the material in 
most organic solvents including DMSO, the work up included washing with water to remove 
the NaOAc produced as a by-product.   
The FT-IR (ATR) spectrum obtained for the material after drying it under vacuum at 
elevated temperature showed a significant shift of the imine band from 1639 to 1583 cm
-1
.  
However there was a broad band between 3380 – 3000 cm-1 that was attributed to the 
presence of water in the compound.  The water proved difficult to remove even after attempts 
to dry the sample for longer periods.  The water may have been encapsulated within the 
cavities of the metallodendrimer.   
JNM186
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attempt, the G1 pyrrolylaldimine ligand (L12) was reacted directly with 
Pd(OAc)2·H2O using a mole ratio of 1:2.  As the acetate dissolved into the already orange 
solution of the ligand, a brown solid began to precipitate out of solution after about 10 min.  
After 1 h reaction time, the orange-brown solid was isolated by suction filtration, washed 
with copious amount of cold THF and dried under vacuum.  This product was also insoluble 
in all common organic solvents including DMSO and H2O.  The complex showed no 
decomposition when stored as a solid at room temperature in a desiccator for prolonged time.   
Due to the limited solubility this compound, characterization data was acquired from 
FT-IR and ICP-AES spectroscopy coupled with micro analysis and thermal analysis (TGA). 
 
FT-IR spectroscopy data for C12 
The infrared spectrum (Figure 4.4) obtained showed a shift of the imine absorption 
band to 1582 cm
-1
 as compared to that of the free ligand 1636 cm
-1
.  However there was a 
broad band of weak intensity between 3300 and 3000 cm
-1
.  This band was observed even 
after extra precaution was taken to remove any water produced by adding 4 Å molecular 



























Figure 4.4: FT-IR (ATR) spectrum of complex C12 
 
Thermogravimetric analysis (TGA) for C12 
The thermogram obtained for metallodendrimer C12 (Figure 4.5) revealed a profile 
with four decomposition steps within the temperature ranges of 50 - 80, 120 – 180, 230 – 250 
and 260 – 290 °C.  The first step that accounts for ~2 % mass loss may be attributed to the 
loss of THF encapsulated in the metallodendrimer.  It should be noted that THF was the 
solvent used during synthesis.  This is similar to the salicylaldiminato metallodendrimers 
discussed in Chapter 3.  The next two stages of decomposition occur gradually with about 15 
% mass loss.  This may be due to the loss of the acetate ligands.  The last stage may be due to 




































































Figure 4.5: The thermogram obtained for C12 
 
Other characterization data for complex C12 
The micro analysis indicates that the complex has 4 palladium metal centers.  It was 
also observed that some THF was encapsulated inside the cavities of the metallodendrimer 
complex similar to what was observed for the salicyaldiminato complexes discussed in 
Chapter 3.  The palladium content of C12 was established to be 30 % by ICP-AES.  The 
metal content corresponds to the calculated values based on 4 metal centers and correlates 
with the C, H, N microanalysis obtained.   
 




 generation complex was prepared using a similar method to that employed for 




brown solid that precipitated out of solution was washed repeatedly with THF and then dried 
under vacuum.  The solid product was insoluble in all common organic solvents.  A 53 % 
yield was obtained. 
 
FT-IR spectroscopy data for C13 
The FT-IR (ATR) spectrum obtained showed a shift of the imine absorption band to 
1583 cm
-1
 as compared to 1639 cm
-1
 of the free ligand.  Similar to the spectrum of C12, a 
broad band of weak intensity was observed between 3300 and 3000 cm
-1












































 generation pyrrole-imine Pd(II) complex, C13 
 
Other characterization data for C13 
The micro analysis and ICP-EAS results confirmed the % composition for C13 as 
shown in Figure 4.6.  A palladium content of 28.2 % was obtained which correlated with the 




The thermogram obtained for this 2
nd
 generation metallodendrimer is similar to that 
obtained for the 1
st
 generation analogue.  However, the last stage occurs between  
280- 320 °C with a mass loss of about 20 %.  C13 is slightly more thermally stable than C12.   
 
4.2.3: Preparation of mononuclear salicylaldiminato Pd(II) complexes, C14 – C16 
4.2.3.1: Synthesis and characterization of the mononuclear bis(N-n-propylsalicyaldiminato 
Pd(II) complexes, C14 - C16 
These mononuclear Pd(II) complexes were prepared by reacting the sodium salt of the 
ligands with Pd(OAc)2·H2O in a mole ratio of 2:1 in THF, Scheme 4.3.  C14 was obtained as 
an orange solid in 67 % yield after recrystallization by slow diffusion of hexane into a 
solution of the compound in CH2Cl2 at a ratio of 2:5 at -4 °C.  C15 and C16 were also 
obtained as orange solids after purification by column chromatography in 65 and 70 % yields.  
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FT-IR spectroscopy data for C14 – C16 
The FT-IR data, (Table 4.1), showed a shift of the ν(C=N) peak from around 1630 cm-1 
in the free ligands to 1612, 1607 and 1610 cm
-1
 for C14, C15 and C16 respectively.  These 
shifts are similar to those of the Zn(II) analogues discussed in Chapter 3.  Moreover, the 
strong bands associated with the ν(C-O), shifted from around 1270 to 1314, 1305 and 1307 
cm
-1
 in C14, C15 and C16 respectively.  Thus it can be inferred that the phenolic oxygen is 
also involved in the complex formation. 
 
NMR spectroscopy data for C14 – C16 
1
H-NMR data (Table 4.3) obtained for C14 exhibit the imine proton resonance at δ 7.62 
ppm as compared to δ 8.30 ppm for the free ligand.  Similar to the Zn(II) analogues, the 
phenolic proton signal is not observed.  The signal for the methylene proton, CH2, adjacent to 
the imino group shifts downfield to δ 3.69 ppm from δ 3.47 ppm in the free ligand.   
Similar observations were made for the 
1
H-NMR spectra obtained for complexes C15 
and C16.  The imino proton signal was observed at δ 7.48 ppm for both complexes.  The 
methylene protons for the CH2 adjacent to the imino group were observed at 3.86 and 3.84 
for C15 and C16 respectively. 
The 
13
C-NMR data for C14 – C16, Table 4.2, showed there is a clear shift of the carbon 
signals as compared to those of the free ligand.  The coordination of the ligand to the metal 
produces a downfield shift of the imino carbon (C=N) and the aromatic carbon bonded to the 
phenolic oxygen (C-O).   
 
ESI-MS results for complexes C14 – C16 
ESI-mass spectrometry analysis was carried out for C14 – C16.  The data obtained for 




peaks at m/z 1343 and 885 are those of sodium adducts of the trinuclear and binuclear 
compounds formed after aggregation which occurs during the ESI-MS analysis.  The 
aggregation detected was similar to that observed for the Zn(II) analogues C1 – C3 as well as 
for C10.  Other significant ion clusters observed at m/z 863, 700, 270 and 164 were formed 
after fragmentation of ions of the metal aggregates and as well as the parent ion.  A proposed 


















































Scheme 4.4: The proposed fragmentation pattern and aggregation structures inferred from 





The mononuclear complex ion (C14a) is observed at m/z 431 while the binuclear 
aggregate ion cluster (C14c) is observed at m/z 863.  The loss on one ligand from C14c gives 
a fragment at m/z 700 (C14d).  The loss of the Pd metal from C14b formed a fragment ion at 
m/z 164 that represents the free ligand, L1.  
Complex C15 was also analysed by ESI-MS.  The base peak was that of a singly 
charged Pd(II) bis-ligated mononuclear isotopomeric cluster of ions centered at m/z 544 as 
shown in Figure 4.7.  A binuclear ion was observed at m/z 1094 while a trinuclear ion was 
observed at m/z 1629.  Molecular ions associated with the sodium adducts of mononuclear as 
well as the binuclear and trinuclear complexes aggregates were also observed.   
 
 
Figure 4.7: ESI-MS spectrum of bis(N-n-propyl) 3-
t
butly-salicylaldiminato) Pd(II) complex, C15  
 
Other significant clusters of peaks were observed at m/z 491 and 848.  The peak at m/z 
491 was attributed to an ion formed after the loss of some of the 
t
butyl substituents in the 
parent ion.  The ion at m/z 848 was formed after the loss of one 
t
butyl group from an 
aggregate of two metal centers with three ligands.  Ions between m/z 900-1700 (Da) are due 
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to binuclear and trinuclear aggregate ions.  In addition to the aforementioned species, 
daughter ions of these aggregates were also observed as a result of fragmentation.   
Similarly, C16 was also analysed by ESI mass spectrometry and gave a number of 
peaks.  The base peak was that of the mononuclear complex at m/z 655.  A peak at m/z 955 
corresponds to a fragment of two metals associated with three ligands.  A peak associated 
with the binuclear aggregate was also observed but with very low intensity. 
 
Single crystal X-ray diffraction (SXRD) for C14 
Orange crystals suitable for X-ray diffraction analysis were obtained after 
recrystallization from CH2Cl2/hexane (1:3) at -4 °C.  The molecular structure of C14 is 
shown in Figure 4.8.  A summary of the crystal data collection, structure solution and 
refinement is shown in Table 4.4.  Selected bond angles and distances are shown in Table 4.5. 
Complex C14 was obtained as cube shaped crystals with approximate dimensions of 
0.52 x 0.42 x 0.31 mm.  Refinement of 116 parameters based on all 1927 reflections yielded 
R1 = 0.0199 and wR2 = 0.0889 for I > 2ζ(I) (5133 reflections) for all reflections; maximum 




Figure 4.8: The molecular structure of C14 with the atom-numbering scheme. Displacement 




Table 4.4: Crystal structural data (collection, solution and refinement) for C14 
Empirical formula C20H24N2O2Pd  
Formula weight 537.21  
Crystal system monoclinic  
Space group P21/C  
Crystal size (mm
3
) 0.52 x 0.42 x 0.31  
Z 2  
Unit cell dimensions (Å, °) a = 10.0344 (10) α = 90.00 
 b = 10.0807 (10) β = 102.41 
 c = 8.9849 (9) γ = 190.00 
Volume (Å
3
) 887.62 (15)  
Absorption coefficient (mm
-1
) 2.043  
Calculated density (g cm
-3
) 2.010  
F000 532  
Temperature (K) 100(2)  
Wavelength (A) 0.71073  
2θ max (°) 55.9  
Miller index ranges -8 ≤ h ≤ 13, -12 ≤ k ≤ 11, -11 ≤ l ≤ 11  
Reflections collected 5133  
Independent reflections 1927 [Rint = 0.0156]  
Refinement method Full-matrix least square on F
2
  
Data / restraints / parameters 1927/0/166  
Goodness-of-fit on F
2
 0.845  
Final R indices [F2 for I≥2ζ)] 0.0932  
R indices (all data) R1 = 0.0199, wR2 = 0.0882  
Largest diff. peak and hole (e Å
-3
) 0.371 and -0.80  
 
The molecule shows an inversion center at the palladium.  The coordination at the 
metal center is almost perfectly square planar with a N1-Pd-O1 angle of 92°, O1-Pd-O angle 
of 180° and a N1-Pd-N angle of 88 °.  The bond distances around the coordination sphere 
were 1.9881(1) and 2.0333(10) Å for Pd - O and Pd - N respectively.  These bond angles and 







Table 4.5: Selected bond distances and angles for C14 
Bond lengths [Å] Bond angles [°] 
Pd-O1 1.9830(1) O1-Pd-N1 87.96 (5) 
Pd-N1 2.0333(10) O1-Pd-O1’ 180.0 
C10-O1 1.312(2) O1-Pd-N1 92.04(5) 
C3-N1 1.4813(15) N1-Pd-N1’ 180.0 
C4-N1 1.2855(16) C10-O1-Pd 127.25 (11) 
 
4.2.4: Preparation of the dendritic salicylaldiminato Pd(II) complex, C17 




 generation dendritic Pd(II) complex of the unsubstituted salicylaldimine ligand, 
L4, was prepared using a similar method employed for mononuclear complexes.  The sodium 
salt of the ligand, L4, was reacted with Pd(OAc)2·H2O in a mole ratio of 1:2 at room 
temperature.  During the reaction, a brown solid precipitated out.  To remove the NaOAc 
produced as a by-product, the material was washed with copious amounts of water followed 
by acetone.  The product was then dried at an elevated temperature under reduced pressured 
for 24 h.  A number of analytical techniques were employed in the characterization of the 
compound obtained.   
 
FT-IR spectroscopy data for C17 




-1.  The ν(C-O) absorption band also shifted to 1319 cm-1.  These values are similar 







C (CP-MAS) NMR spectroscopy for C17 
C17 was characterized by solid state NMR spectroscopy.  In the spectrum, the dendritic 
scaffold carbons are observed as two very broad and unresolved peaks centered at δ 25.61 
and 55.78 ppm.  These peaks can be assigned to CH2-CH2-CH2 and CH2-N carbons 
respectively.  The aromatic and the imino peaks were more resolved and are observed at δ 
113.68, 119.45, 134.32, 161.16, 163.60 and 171.7 ppm.   
 
Other analytical data for C17 
The micro analyses of C17 agreed with the calculated values of the structure shown in 
Figure 4.9.  The ICP results confirmed that the salicylaldiminato was formed with two metal 














Figure 4.9: The molecular structure of a binuclear Pd(II) complex, C11. 
 
4.2.4.2.: Other G1 dendritic salicylaldiminato Pd(II) complex,  
Two attempts were made to prepare the palladium complex of L5.  In the 1
st
 attempt the 
ligand salt was reacted with Pd(OAc)2.  No precipitation occurred during the reaction.  After 
the reaction time all volatiles were removed giving an orange solid which was dissolved in 
CH2Cl2, and then filtered.  After removal of all volatiles from the filtrate the orange product 




was obtained.  This method proved to be unsuccessful in that we were unable to separate a 




 attempt, the ligand was reacted directly with the Pd(OAc)2.  On addition of 
Pd(OAc)2, an orange colour was observed and all the palladium salt dissolves in about 5 min.  
The orange solution was stirred at room temperature for 2 hours.  No precipitate formation 
was observed.  After the reaction time, all volatiles were removed and the product stored at 
room temperature in a desiccator with no additional work up until further use.   
 
Attempted purification and characterization 
An FT-IR (ATR) spectrum was acquired of the crude material.  A broad band for the 
imine functionally was observed at 1610 cm
-1
.  This represented a shift of 22 cm
-1
 in 
comparison to the free ligand.  However the ν(C-O) bands showed only a slight shift of  
2 cm
-1
 to 1263 cm
-1
.  
The sample was dissolved in pre-dried CDCl3 and a 
1
H-NMR spectrum acquired 
immediately.  The number of peaks observed was more than those expected.  This suggested 
that there was a mixture of unreacted ligand and another compound.  For example there were 
two peaks in the imine region at δ 8.30 and 8.42 ppm.   
Attempts were made to separate the two components by recrystallization using various 
solvent systems and at different temperatures.  In one case, a solution of the crude product in 
CH2Cl2 was layered with hexane and the allowed to stand at 4 °C (in the fridge) until a solid 
came out of solution.  The orange mother liquor was syringed off and all volatiles were 
removed.  The precipitate was also dried.  Both products were orange in colour.   
The FT-IR (ATR) spectra obtained for the two fractions showed new peaks at 1710 and 
1766 cm
-1




numbers are typical of ν(C=O) of aldehyde suggesting hydrolysis of the imine bond had 
occurred.  
Attempts to purify the material by column chromatography were futile.  TLC in polar 
solvents such as ether as well as in non polar solvents such as CH2Cl2 and hexane showed no 
mobility of the compounds.  The analyte remained immobilized on the TLC plate.   
In a quest to understand the decomposition process, the sample used to record the above 
1
H-NMR spectrum was left standing in the fridge and spectra acquired at 2, 6, 24 and 168 h, 
Figure 4.10.  After 2 hrs in addition to all other peaks observed previously, a peak of low 
intensity is observed at δ 9.86 ppm.  This peak signifies the presence of the aldehydic proton 
(H-C=O).  In the commercially available 3-
t
Butyl 2- hydroxyl-benzaldehyde, the H-C=O 
proton signal was observed at 9.89.  The intensity of this peak grew over time as those at δ 
8.30 and 8.42 ppm start disappearing.  After 7 days none of the peaks at δ 8.30 and 8.42 ppm 
were present.  An array for the 
1
H-NMR spectra acquired at t = 0, 2, 24 and 168 h is shown in 
Figure 4.10.  No palladium black formation during the process was observed.  This indicates 
that simple complex decomposition was not occurring.  However based on the 
1
H-NMR, it 
may be concluded that the hydrolysis of the imine in the complex and in the ligand had was 
occurring.  No such hydrolysis is observed in solid state.   
 
4.3: Conclusions 
Pd(II) complexes of some of the ligands discussed in Chapter 2 were successfully 
prepared.  The complexes of both the pyrrole-imine, C10, C11, and salicylaldimine ligands, 
C14-C17, were prepared by first deprotonating the ligand using NaH.  The dendritic pyrrole-
imine complexes were obtained by reacting the ligands directly with palladium acetate.  



















Figure 4.10: An 
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All complexes were fully characterized using a range of analytical techniques namely NMR 
and FT-IR spectroscopies, elemental analyses, mass spectrometry and thermal analysis 
(TGA).  
The mononuclear complexes with aliphatic moiety on the imino nitrogen form 
binuclear and trinuclear aggregates when ionized during the ESI-mass spectrometry analysis.  
The pyrrole-imine complexes C12 and C13 contained 4 and 8 metal centers respectively.  
The G1 salicylaldiminato complex, C17, formed a binuclear complex. 
 
4.4: Experimental 
4.4.1: Materials and instrumentation 
All synthetic manipulations were carried out using a double manifold Schlenk 
vacuum/nitrogen line.  All solvents used were of analytical grade and were dried and distilled 
prior to use.  Tetrahydrofuran (THF), hexane pentane and toluene were dried and distilled 
from sodium/benzophenone, ethanol from magnesium turnings/iodine and dichloromethane 
over phosphorous pentoxide.  All solvents used for the synthesis and work up of the 
metallodendrimers were also allowed to stand over 4 Å molecular sieves for 24 h after drying 
over sodium/benzophenone before use.  Williams and Lawton reported that the solvents dried 
over 3 Å molecular sieves had lower water content.
36
 Sodium hydride; silica gel and 
palladium acetate were purchased from Sigma-Aldrich Ltd.  All starting materials were used 
without further purification. 
Solution NMR spectra were recorded on a Varian 300 VNMRS spectrometer (
1
H at 300 
MHz, 
13
C at 75.4 MHz) at room temperature using tetramethylsilane as an internal standard 
unless otherwise stated.  The chemical shifts are reported in δ (ppm) and referenced to the 




The solid state NMR spectra were acquired on a Varian spectrometer (VNMRS Wide 
Bore 500 solids) static magnetic field strength: 11.7 T (corresponding to a proton Larmor 
frequency of 500 MHz) two-channel spectrometer using 4 mm zirconia rotors and a 4 mm 
Chemagnetics
TM
 T3 HX MAS probe.  All cross-polarization (CP) MAS spectra were 
recorded at ambient temperature with proton decoupling, a 2.75 μs 13C 90  pulse and a 
recycle delay of 2s. The power parameters were optimised for the Hartmann-Hahn match; the 
radio frequency fields were γCB1C= γHB1H≈ 79 kHz.  The contact time for cross-polarization 
was 1.5 ms after optimization with a variable contact time experiment and the spin field was 




   
Infrared spectra were recorded on a Nicolet Avatar 330 FT-IR spectrophotometer using 
an ATR accessory.  ESI-mass spectra were obtained on a Waters API Q-TOF Ultima 
spectrometer calibrated with NaF.  Microanalyses were performed at the micro analytical 
laboratory of the University of Cape Town.  Melting points were determined on a Stuart 
Scientific melting point apparatus (SMP3) at a heating rate of 0.5 °C/min. 
Thermogravimetric analyses (TGA) were done on a TGA Q500 V6.7 modulus coupled 
with a thermal analyser.  An aluminum pan was loaded with ca. 2 - 5 mg of sample and 
heating ramped at 10 °C/min under a nitrogen atmosphere at a flow rate of (50.0 ml/min).  
The thermal analytical data were collected between 20 to 598 °C.  
ICP-AES analysis was done on the Pd(II) metallodendrimer to quantify the amount of 
palladium metal using a Varian ICP-AES.  
 
4.4.2.: Synthesis and characterization of mononuclear bis-N-n-propyl pyrrolylaldiminato) 
Pd(II) complexes, C10 and C11 
In a Schlenk tube NaH (0.025 g, 1.04 mmol) was suspended in freshly dried THF  




Immediate effervescence was observed and the solution acquired a pink colour.  The mixture 
was stirred at room temperature for 2 h with no further observable changes.  The solution was 
then filtered through celite under nitrogen into another Schlenk tube.  To the solution of the 
sodium salt of the ligand, Pd(OAc)2 (0.1 g, (0.45 mmols) was added and mixture stirred at 
room temperature for 4 h.  The reaction mixture gradually acquired a yellow-orange colour.  
After the reaction time, all volatiles were removed.  The orange solid was dissolved in 
CH2Cl2 and the resulting mixture filtered by suction filtration.  The filtrate was concentrated 
by vacuum to ca. 3 mL.  Recrystallization of the compound was effected by slow diffusion of 
hexane into the CH2Cl2 solution at -4 °C.  A yellow-orange crystalline material was isolated 
by suction filtration and washed with cold hexane. 
C11 was prepared from L11 using a similar protocol to that employed for C10.  The 
product was obtained as an orange crystalline material.   
 
4.4.3.: Synthesis and characterization of dendritic Pd(II) pyrrolylaldiminato complexes, 
C12 and C13 
A solution of L12 (0.117g, 0.1875 mmols) in freshly dried THF (10 mL) in a Schlenk 
tube was degassed and Pd(OAc)2·H2O (0.09g, 0.401 mmols) added.  A few pellets of 0.4 Å 
molecular sieves were added to absorb any water in the reaction mixture.  As the acetate 
dissolves into the already orange solution, a brownish-orange solid begins precipitating out of 
solution after 10 min.  After 1 h of stirring at room temperature, the orange brown solid was 
isolated by suction filtration and washed repeatedly with copious amounts of cold THF.   
C13 was prepared from L13 using a similar protocol to that employed for C12.  The 





4.4.4.: Synthesis and characterization of mononuclear bis-N-n- propyl-salicylaldiminato 
Pd(II) complex, C14 – C16. 
To a solution of L1 (0.118 g, 0.87 mmol) in freshly dried THF (10 mL) NaH  
(0.022 g, 0.92 mmol) was added.  Immediate effervescence is observed.  The mixture was 
stirred at room temperature for 2 h during which the NaH gradually dissolved.  No colour 
changes to the solution were observed.  After 2 h the solution was filtered under nitrogen into 
another Schlenk tube and Pd(OAc)2·H2O (0.173 g, 0.77 mmol) was added.  The yellow 
solution acquired a brownish colour.  The mixture was stirred at room temperature for 6 h 
and gradually acquired an orange – yellow colour.  After 6 h all volatiles were removed 
giving an orange solid.  This crude product was dissolved in CH2Cl2, and suction filtered.  
The filtrate was concentrated to ca. 2 mL.  Crystallization was induced by slow diffusion of 
hexane into the CH2Cl2 solution at -4 °C using a 1:3 solvent system.  An orange crystalline 
material was isolated by suction filtration and washed with cold hexane.   
C15 and C16 were prepared using a similar procedure to that employed in C14 from 
ligands L2 and L3 respectively.  However the purification was done by column 
chromatography.  A column was packed with silica gel and the products eluted with 5 % 
CH2Cl2 in hexane.  A few drops of Et3N were added to the mobile phase.  Fractions were 
collected at regular intervals and purity determined by TLC.   
 
4.4.5.: Synthesis and characterization of salicylaldiminato bi-nuclear Pd(II) complex, C17 
In a Schlenk tube containing a yellow solution of 0.12 g (0.164 mmol) the unsubstituted 
salicylaldimine ligand, L4, in dry THF (10 mL) was added NaH 0.017 g (0.708 mmols).  
Immediate effervescence was observed.  The yellow mixture was stirred at room temperature 
for 2 h after which the solution was filtered into another Schlenk tube through celite under 




mmol) was added.  As the acetate dissolves the solution acquired an orange-yellow colour 
that it retained over the 12 h period.  
After the reaction time, all the volatiles were removed.  To the orange yellow solid, 20 
mL of water was added and the mixture stirred at room temperature for 20 minutes.  The 
mixture was left to settle and the water syringed off.  The remaining solid was then washed 
with acetone, (2 x 10 mL).  After the washing, the yellow orange solid was dried under 
vacuum at elevated temperature (50 °C). 
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Chapter 5 : Ring Opening Polymerization of 





5.1: Introduction  
5.1.1: Lactide ring opening polymerization (ROP) 
Polymerization of cyclic monomers such as lactide is referred to as ring opening 
polymerization (ROP).  It is a form of addition polymerization where the active species 
remains attached to the end of the growing polymer chain.  The main routes employed for the 
catalytic ring opening polymerization of lactide include enzymatic, anionic, cationic and 
metal complex mediated.  In the ring opening polymerization of cyclic esters, development of 
suitable catalysts/initiators has generated a lot of interest.   
Polyesters can be prepared by polycondensation of hydroxycarboxylic acids e.g. lactic 
acid or ROP of cyclic esters e.g. lactide.  Polyesters such as polylactide (PLA), 
polycaprolactones (PCL), polyglycolide (PGL), and their copolymers have attracted immense 
attention due to their biodegradability and biocompatibility.
1
  ROP of cyclic esters is 
favoured because in most cases it yields polymers of higher molecular weight and has been 
shown to be a better technique in the production of copolymers of these cyclic esters.
2
  These 
polyesters are most commonly used in the biomedical and pharmaceutical industries.  They 
have found application as surgical sutures, scaffolds for tissue engineering, post-operative 
support pins and splints, as well as a delivery medium for controlled release of drugs.
3,4
  
Physiological simple hydrolysis of the ester linkages in the polymer produces non-toxic 
products that are eliminated from the body through the Krebs cycle as water and carbon 
dioxide.
5-8
   
The other uses for these polymers are in packaging materials, agricultural films and 
fibers.  Due to their biodegradability, they have attracted attention as suitable 
environmentally friendly alternatives to the common polyolefins.
9
  In this case; their 
degradation is facilitated by naturally occurring organisms such as bacteria, algae and fungi.
10




Another major advantage is that the monomers used to produce these polymers can be 
obtained from renewable resources.  Lactide is obtained by fermentation of lactic acid which 
is abundant in crops such as corn, beets and sugar cane. 
11
  
Metal alkoxides of Al, Li, Mg, Fe, Sn, and Zn are by far the most credited for the 
polymerization of cyclic esters.  Tin and zinc have generated a lot of interest because they are 
the only metals approved by the food and drug administration (FDA) for their low toxicity in 
physiological systems.
12




Some racemic alkoxide initiators have been shown to produce stereoselective polymers.  
Unfortunately, chain transfer has been observed to be more rapid than the  
ring-opening.
14
  Chain transfer occurs where a bimolecular mechanism involving alkoxide 
bridges, M(μ-OP)( μ –OP')M', or in the presence of an alcohol.  Alcohols are commonly used 
in conjunction with these metal alkoxides to control the number of growing chains and in 
return the molecular weight of the polymer.   
Other common side reactions include trans-esterification and epimerization.  There are 
two types of trans-esterification viz, inter-chain- and intra-chain-esterification with the latter 
leading to cyclic products.  Trans-esterification competes with the chain growth due to the 
presence of carbonyl groups in the polymer.  These reactions become significant in very 
active catalysts.  The high basicity of the metal alkoxides can also result in epimerization.  
Epimerization usually occurs at the methine carbon.  The methine carbon is deprotonated 
forming an enolate group.  These reactions are mainly prevalent in the presence of alkoxide 
initiators of group 1 and 2 metals as well as those of lanthanides.
15
 
Metal alkoxides in combination with other ancillary ligands have also been widely 
studied.  It is generally believed that the M-O bond is the most crucial functionality in these 




critical to the catalytic behaviour of the complexes.  Thus the ancillary ligands are believed 
not to be directly involved in the polymerization but later in the tuning of the metallic center 
and in minimizing catalyst deactivation processes as well as controlling side reactions.
16
  
Metal complexes without alkoxide groups have also been established to be effective 
initiators in the polymerization of cyclic esters provided a metal oxygen (M-O) bond is 
present.  The ligand’s architecture controls the activity, polymer architecture and polymer 
morphology.  However these non-alkoxide metal complexes show lower activities as 
compared to alkoxide containing initiators.
12
  Very few Schiff base complexes without an 
alkoxide group are reported in literature.
17,18
 
Schiff base metal complexes as catalysts for lactide polymerization have attracted 
interest because the ligands can stabilize different metals in various oxidation states and are 
relatively easy to prepare.  Changing the substituents on either the amine or aldehyde also 
allows for varying the steric and electronic properties.
19
  In salicylaldiminato metal 
complexes, bulky substituents on the phenoxy ring have been used to significantly decrease 
side reaction.  Electron withdrawing groups (EWG) have been reported to enhance activity 
while electron donating groups (EDG) have been shown to decrease the activity.  The EWG 
groups enhance metal elecrophilicity or increase the polarization of the initiating and 
propagating processes.  The EWG have been reported to also reduce both inter-molecular and 





 reported aluminium complexes supported by chiral tetradentate 
phenoxyamine (salan-type) ligands that polymerized D, L-lactide at M/Al = 50.  When a 
chloro group was introduced in the ortho position relative to the phenoxide, 84 % conversion 
was obtained in 34 h as compared 85 % conversion in 53 h when a methyl substituent was 
present.  Gibson et al.
22
 also reported a similar phenomenon in the polymerization of 




In these complexes, four chloro substituents were present at the ortho- and para-positions of 
phenoxide units.  Darensbourg and Krarroonnirum have observed that when EWG’s such as 
methoxy groups were introduced in a salen aluminium complex, the activity reduced 
considerably.
23
   
Although numerous papers as well as reviews have been published on the synthesis, 
characterization and applications of metallodendrimers, to our knowledge there are no reports 
of metallodendrimers as catalysts/initiator in the polymerization of lactide.
24
    
 
5.1.2: D, L-lactide isomers  
Lactide is a cyclic dimer of lactic acid that is commercially available in two 
stereoisomers, Figure 5.1, L–lactide (S, S - lactide) or D-lactide (R, R-lactide) and as the 
equimolar racemic mixture of the D and L-lactide.  The meso-lactide (R, S-lactide) form is 
not commercially available.  The ring opening polymerization process is favorable due to the 





















L-Lactide D-Lactide meso-Lactide 
Figure 5.1: Lactide enantiomers 
 
When the racemic mixture D, L-lactide is used in polymerization, the monomers may 
randomly add onto the growing chain and is described by pair-addition Bernoullian 
statistics.
26
  Once polymerized, the 
13




68.5-69.5 ppm) and carbonyl carbon, CO (δ 169-170 ppm) are used to characterize the stereo-
chemistry of the polymers.  The configurations depend on the neighbouring asymmetric 
centers.  Two possibilities exist. 
i. The adjacent asymmetric carbons have the same configuration; their relationship is 
termed as isotactic (i). 
ii. The adjacent asymmetric carbons have the opposite configuration; their relationship is 
termed as syndiotactic (s). 
The difference in the stereo-chemistry gives the polylactide (PDLLA) differing 
physical and mechanical properties.  The degradation is also closely dependent on the 
PDLLA stereochemistry of the polymer.
1
   
This chapter looks at the polymerization of D, L-lactide using some of the zinc 
complexes whose synthesis is described in Chapter 3.  Our choice of zinc is motivated by its 
low toxicity and low cost.  The complexes evaluated were mononuclear complexes with a n-
propyl substituent at the imino nitrogen, C1 – C3; Figure 5.2.  Two other mononuclear 
complexes with an aromatic substituent on the imino nitrogen were also evaluated.  These 
complexes were synthesized in our Laboratory and will be discussed herein as C18 and C19, 
Figure 5.2.
27




 generation salicylaldiminato complexes, C4 – C6 and C7 - C9, 
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 generation (G2) dendritic salicylaldiminato Zn(II) complexes 
 
We investigated the activity of the complexes and morphological characteristics of the 
polymers obtained.  We looked into the influence of substituting the aliphatic propyl chain at 
the imine nitrogen in C1 and C2 with an aromatic group, 2, 6 - diisopropylphenyl, in C18 and 
C19.  We also compared the efficiency of the mononuclear catalyst to that of the multinuclear 
analogues anchored on dendrimer scaffolds, C4 – C9.  In order to determine the optimum 
reaction conditions we investigated several reaction parameters such as metal concentration, 




Polymers obtained were characterized using the following techniques: scanning 
electron microscopy (SEM), gel permeation chromatography (GPC), NMR and FT-IR (ATR) 
spectroscopy.  
 
5.2: Results and discussions 
5.2.1: Preliminary results on D, L-lactide polymerization  
The polymerization was performed using the salicylaldiminato Zn(II) complexes shown 
in Figures 5.2 - 5.4.  In the literature, toluene, dioxane and CH2Cl2 are the most commonly 
used solvents in these types of polymerization reactions.  After solubility tests, toluene was 
selected as the best solvent in which to carry out the polymerization reactions.  All complexes 
were completely soluble in toluene except the 1
st
 generation complexes C4 and C5, with C4 
being the least soluble.   
The preliminary polymerization reactions were carried out under vacuum using the 
various complexes at a D, L-lactide to zinc mole ratio (M:Zn) of 50:1 in toluene at 70 °C.  
Reactions were allowed to proceed until some polymeric material was formed.  After the 
reaction time, all volatiles were removed and 
1
H-NMR spectrum of the crude product 
obtained in CDCl3.  The methine proton of D, L-lactide is a quartet located at 5.07 ppm, 
while the methine protons of the polymer are multiplets falling between 5.12 - 5.22 ppm.  
This chemical shift difference is large enough to distinguish the methine of the monomer 
from that of the polylactide.  The integration values of these methine protons were used to 
calculate the percentage conversion using Equation 1.  Purification was done by 
recrystallization from a CHCl3 solution with acidified CH3OH in an ice bath.  The results are 











    (1) 
polymerCH
I
: Intensity of the methine of the polymer 
monomerCH
I
: Intensity of the methine of the monomer 
 
Table 5.1: Preliminary polymerization results using [M]/[Zn] = 50, [M] = 1 M 
Complex Solvent Temp (°C) Time (h) Conversion (%)
a
 
C1 Toluene 70 24 80 
C2 Toluene 70 24 17 
C3 Toluene 70 24 20 
C4 Toluene 70 24 trace 
C4 Toluene 70 48 25 
C5 Toluene 70 24 trace 
C5 Toluene 70 72 23 
C6 Toluene 70 24 28 
C18 Toluene 70 24 25 
C19 Toluene 70 24 trace 
C19 Toluene 70 48 26 
C4 Dioxane 100 24 10 
b
C4 neat 160 0.5 87 
a
Calculated using Equation 1, 
b
Reaction done in the melt at 160 °C 
 
The unsubstituted mononuclear salicylaldiminato Zn(II) complex, C1, showed the best 
activity.  Up to 80 % of the lactide was converted in 24 h.  Due to the nature of the 
coordination geometry of C1, it was easier for the monomer to access the zinc center.  The 
structure of C1 was previously reported by Torzilli et al.
28
 and possesses tetrahedral 
geometry.  Of the other mononuclear complexes with an aliphatic substituent on the imino 
nitrogen, C2 and C3 were the least active.  Since Zn(II) is a d
10




oxygen to act as a π-donor is inhibited by the lack of empty d orbitals on the metal to accept 
electrons.  Thus the electron releasing ability of the 
tbutyl groups has no impact on the π-
bonding of the phenoxy group to the metal center. One can thus assume that in these zinc 
systems the 
t
butyl groups have a purely steric effect. 
Wang and Ma observed a similar trend with Zn(II) complexes supported by 
multidentate aminophenolate ligands.  When a bulky substituent such as 
t
butyl was 
introduced at the ortho- position relative to the phenoxide unit, a decline in the rate of 
polymerization of rac-lactide was recorded.
29
  They attributed the reduction in activity to the 
steric hindrance induced the bulkiness of these groups.   
The complexes with an aliphatic moiety at the imino nitrogen showed better monomer 
conversion compared to those with an aromatic, C18 and C19.  These two complexes have an 
aromatic moiety, 2, 6–diisopropyl phenyl, unlike C1 and C2 which have an aliphatic (n-
propyl) group.  It is postulated that the bulkiness of the 2, 6–diisopropyl phenyl hinders the 
coordination and subsequent insertion of the monomer into the Zn-O bond.  Complex C18 is 
a better catalyst/initiator than C19 but still shows only 25 % conversion after 24 h.  C19 
required 48 h to achieve 26 % conversion of the D, L-lactide.  Again the presence of the 
t
butyl group at the ortho position relative to the phenoxide in C19 was observed to induce 
steric hindrance at metal center slowing down the coordination of the lactide and subsequent 
chain growth via monomer insertion into the Zn-O bond. 
Of the metallodendrimers, C6 showed 28 % monomer conversion after 24 h unlike C4 
and C5 which required longer reaction times to produce significant amount of polymers.  Up 
to 72 h was required by C5 to convert 23 % of the lactide.  In these metallodendrimers, the 
t
butyl groups increased the solubility of the complex and in return the activity. 
Carrying out the polymerization reaction using C4 at higher a temperature (100) °C in 




attributed to it’s low solubility.  In this case, the system could essentially be regarded to as a 
heterogeneous system.  It is well established that heterogeneous catalytic systems are less 
efficient as compared to homogeneous systems especially when operated in batch mode.   
In a further effort to improve the efficiency of C4, the polymerization was attempted in 
the melt phase i.e. in the absence of any solvent.  The reaction was carried out at a M/Zn ratio 
of 50:1 at 160 °C.  It was previously established from TGA studies that C4 is thermally stable 
at this temperature showing no decomposition.  At this temperature, the lactide forms a melt 
in which the polymerization occurs.  After 30 min, 87 % of the lactide was found to have 
been polymerized.  This metallodendrimer proved to be more active than Cu(II) complexes of 
phenoxy-ketimine ligands reported by John et al.
30
 and also evaluated under melt conditions.  
The most active Cu(II) complex of this series showed 86 % conversion of L-lactide after only 
6 h.   
Other zinc complexes have been reported as suitable catalysts in the polymerization of 
lactide under the melt conditions.  However, these systems were evaluated under different 
conditions to those we employed for our dendritic Zn(II) complex.  Jones et al.
31
 reported a 
series of mononuclear and trinuclear salicylaldiminato Zn(II) complexes that polymerized  
D, L-lactide in the melt (130 °C) at M/Zn = 300.  The best performing complex gave up to 80 
% conversion in 30 min.  Börner et al.
9
 also published a series of Zn(II) complexes amongst 
them ZnCl2 that polymerized D, L-lactide in the melt at 150 °C.  ZnCl2 showed 85 % 
conversion after 48 h at a M:I ratio of 500: 1. 
In the Zn(II) complexes evaluated here, polymerization is assumed to occur via a 
coordination-insertion mechanism involving the M-O bond.  In an attempt to understand the 
mechanism we tried to probe the polymerization process using 
1
H-NMR spectroscopy.  In an 
NMR tube, D, L-lactide (0.015 g, 0.104 mmols) and C1 (0.04 g, 0.103) were mixed in 
CD2Cl2 as solvent and the 
1




were recorded at time intervals of 24 and 120 hours.  The NMR sample was stored at 25 °C 
under a nitrogen atmosphere.   
In the initial 
1
H-NMR spectrum, Figure 5.5, the signals arising from the complex, C1, 
were similar in position, multiplicity and integration to those of the pure complex as 
discussed in Chapter 3.  Changes in the NMR spectrum were monitored over time.  The 
lactide signals that were monitored are those observed at δ 5.03 (methine) and 1.63 ppm 
(methyl).  At the same, time the intensities of the two imine peaks at δ 8.35 and 8.20 ppm 
were monitored as the reaction progressed.  The peak at δ 8.20 ppm was assigned to the imine 
of the complex C1, while that at δ 8.35 ppm is that of uncoordinated imine which is formed 
once the lactide monomer coordinated and subsequently inserted into the Zn-O bond.  There 
is a significant increase in the intensity of the peak at δ 8.35 ppm relative to that at δ 8.20 
ppm over time.  The ratio of the aforementioned imine peaks were calculated over the course 
of the reaction.  At time 0 h (Fig. 5.5.) a ratio of 1:9 was observed for the peak at δ 8.35 ppm 
to that at δ 8.20 ppm.  After 24 h the ratio was 1:2, while after 120 h a further reduction to 
1:1.5 was observed.   
All the peaks broaden and lose their resolution due the overlapping of the protons from 
the complex (C1) and those of the activated complex.  In this mixture, the complex C1 can be 
in three different structural conformations as shown Scheme 5.1.  These changes in the 
1
H 
NMR spectra confirm the assumption that a new complex with a slightly altered structure is 
formed.  Pastusiak et al.
32
 performed a study using Zn(acac)2 with L-lactide at 1:1 mole ratio 
and made similar observations in the 
1
H-NMR spectra.  They reported the presence of free 






10 9 8 7 6 5 4 3 2 1






































The coordination of the oxygen of the lactide to the electrophilic metal center activates 
the carbonyl carbon towards nucleophilic attack by the phenoxide group of the metal 
complex.  This is followed by ring-opening of the lactide and the formation of a metal-
oxygen bond, Scheme 5.1.
33
  The imino nitrogen dissociated creating vacant a coordination 














































Scheme 5.1: Mechanism for the coordination and insertion of the D, L – lactide into C1’s Zn-O bond 
 
5.2.2: Kinetic studies  
5.2.2.1: Effect of [Zn], M/I ratio, using C1 
The kinetics of the most active complex C1 were evaluated at M/Zn ratios of 100, 50 
and 25.  The polymerization reactions were carried out in toluene at 70 °C and data collected 
over time.  The monomer concentration was maintained at 1 M.  The % conversions were 
calculated from the 
1





Table 5.2: Polymerization of D, L-Lactide using complexes C1 at different M/Zn ratios
a 






















25 2 22.7 0.82 0.27 0.15 3.2 
 5 68.35 2.46 2.23 1.29 1.6 
 10 80.5 2.90 12.07 6.99 1.5 
 20 92.4 3.33 24.42 14.16 1.4 
 24 97.5 3.51 27.88 16.18 1.3 
50 
f
5 15.7 1.13 n.d. n.d. n.d. 
 10 53.7 3.87 2.40 1.39 2.5 
 24 79.9 5.75 2.56 1.49 2.6 
 48 89.3 6.43 9.59 5.56 1.6 
 72 96.1 6.92 33.68 19.53 1.7 
100 24 67.9 9.77 1.86 1.08 2.7 
 48 74.2 10.68 3.77 2.19 1.8 
 72 90.7 13.06 6.74 3.91 1.9 
 96 94.5 13.61 44.86 26.02 1.5 
a
Conditions: toluene, 70 °C, 
b
Calculated using equation 1, 
c
Calculated using equation 6,  
[M/I x 144 x % conversion], 
d
Determined by GPC relative to polystyrene standards, 
e
Obtained after multiplying 
GPC values with the correction value of 0.58 see ref. 35, 
f
Sufficient polymeric material for GPC analysis could 
not be obtained after purification.   
 
A plot of ln{[M]0/[M]t} vs time (t) is shown in Figure 5.6.  The linearity of this 
semilogarithmic plot supports a living polymerization process since the concentration of the 
active species remained unchanged.
34
  The gradient also increases as the concentration of the 
Zn metal increases.  This indicates that the polymerization follows 1
st
 order kinetics with 




Scheme 5.2.  The propagation rate constants for different metal concentrations were 
determined by the slope of the plot using Equation (5) in Scheme 5.2.   
 
      (2) 
    (3) 
    (4) 
      (5) 
   [M]0 = initial monomer concentration, t = time, 
   [M]t = monomer concentration at time t, c = integral constant 
Scheme 5.2: Equations to determine the order of the polymerization reaction using of  
D, L-Lactide as monomer. 
 
At various metal concentrations of [Zn] = 0.01, 0.02 and 0.04 M, the apparent 





respectively from Figure 5.6.  As the concentration of Zn is increased, the kapp values increase 
indicating that the order with respect to Zn is also first order.  The nonzero x, y intercept 
suggests that there is a significant induction period for the process.  The induction is possibly 
due to the steric hindrance around the zinc center as a result of the bulky ligands thus 
necessitating an induction period for these complexes.  Bero et al.
35
 attributed such an 
induction period to the presence of impurities in the reaction mixture.  Although precautions 






Figure 5.6: A plot of ln{[M]0/[M]t} vs time (h) for complexes C1 at M/Zn = 25, 50 and 100 
 
5.2.2.2: Polymerization using complexes C1 – C3 
Relationship between reaction rates and nature of ligand  
The rates of polymerization using complexes C1 – C3 were evaluated at M/Zn = 50 
and the results are shown in Table 5.3.  A plot of ln[M]0/[M]t against time for complexes  
C1 – C3 is showed in Figure 5.7.  The semilogarithmic plots showed that the polymerization 
reaction followed first order kinetics for the three complexes.  The polymerization rate 
constants for each of the reactions using the different complexes were established to be 3.80, 




 for C1, C2 and C3 respectively at a [Zn] = 0.02 M.   
Complexes C1, C2 and C3 have similar structures with the only difference being the 
t
butyl substituents in the ortho- and para- positions on the phenoxy ring.  The order of 
activity was observed to be C1 > C2 > C3.  The presence of the tbutyl groups imparts steric 
effects on complexes C2 and C3 leading to a decrease in the activity as compared to C1.   
 
 
y = 0.1362x + 0.2007
R² = 0.958
y = 0.038x + 0.5028
R² = 0.9875





































C1 5 15.7 1.13 n.d. n.d. n.d. 
 
10 53.7 3.87 n.d. n.d. n.d. 
 
24 79.9 5.75 2.56 1.49 2.6 
 
48 89.3 6.43 9.59 5.56 1.5 
 
72 96.1 6.92 33.68 19.53 1.7 
C2 10 6.6 0.47 n.d. n.d. n.d. 
 
24 16.5 1.19 n.d. n.d. n.d. 
 
48 37.1 2.71 8.23 4.77 1.2 
 
72 65.6 4.72 14.86 8.62 1.2 
C3 10 trace     
 
f
24 20.0 1.44 n.d. n.d. n.d. 
 
48 32.6 2.36 2.30 1.13 1.4 
 
72 39.2 2.82 9.61 5.57 1.1 
 96 56.3 4.06 17.23 9.99 1.4 
 144 65.8 4.74 39.90 23.14 1.6 
a
Conditions: toluene, 70 °C, M/Zn = 50, 
b
Calculated using Equation 1, 
c
Calculated using Equation 6, 
d
Determined by GPC relative to polystyrene standards, 
e
Obtained after multiplying GPC values with the 
correction value of 0.58, 
f






Figure 5.7: A plot of ln{[M]0/[M]t} vs time (h) for the salicylaldiminato Zn(II) complexes, C1 - C3, 
at M/Zn = 50 
 
Assuming the other two complexes adopt a similar geometry to that reported for C1, 
then the 
t
butyl groups would be positioned close to the metal center.  This results in the 
blocking of the Zn center thus inhibiting access of the monomer to the active site which 
results in lower activities for C2 and C3.  Complex C3 with two 
t
butyl substituents showed 
the lowest rate of polymerization and also has an induction period of almost 10 h. 
 
Gel permeation chromatography analysis of the polymers produced using C1 – C3 
The GPC traces obtained were essentially monomodal in character and in a few 
exceptions bimodal.  The molecular weights obtained from GPC, Mn
(GPC)
, increased as the % 
conversion increase over time, Table 5.2 and 5.3.  The expected molecular weights, Mn
(Calc)
, 
of the polymers were estimated using Equation 6.  In this calculation, it was assumed that all 
the polymerization occurred with no side reactions.  A lower Mn
(GPC)
 compared to the Mn
(Calc)
 
y = 0.038x + 0.5028
R² = 0.9875
y = 0.0237x + 0.1317
R² = 0.8417



















indicates intra-chain trans-esterification while a higher value points to inter-chain trans-
esterification.  In inter-chain trans-esterification, two polymeric chains are combined leading 
to very high molecular weight while in the intra-chain cyclic products are formed.
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     (6) 
 
Polymers obtained using catalyst C1 showed a very high degree of intra-chain trans-
esterification.  The calculated molecular weight (Mn
(calc)
) of the polymer obtained after 24 h 
was 5.75 × 10
3 
while that obtained from GPC (Mn
(GPC)
) was 2.56 × 10
3
 with a PDI of 2.6.  On 
the other hand after longer reaction time, the polymers obtained had a much higher Mn
(GPC)
 
value as compared to the Mn
(calc)
.  After 72 h, a Mn
(GPC)
 of 3.37 × 10
4
 was obtained.  This 
value is almost 5 times higher than the calculated one, Mn
(calc)
 = 6.92 ×10
3
.  As the monomer 
concentration decreases, inter–chain trans-esterification becomes more pronounced.  As the 
concentration of the monomer decreases, the inter chain trans-esterification reactions 
becomes more likely for very active catalysts.   
There was a decrease in the average molecular weight of the polymers as the steric bulk 
of the ligand increased.  At 72 h, the Mn
(GPC)
 were 3.37 × 10
5
, 1.49 x 10
4
 and 9.07 × 10
3
 for 
C1, C2 and C3 respectively.  The Zn center is more sterically crowded in C3, thus the 
monomer coordination and subsequent insertion into the Zn-O bond becomes more difficult.   
The presence of the 
t
butyl groups in C3 had little influence on limiting the trans-
esterification reactions.  Prolonged reaction time (144 h) yielded polymers with  
Mn
(GPC)
 = 3.98 × 10
4
 which was higher by a factor of 8 when compared to the Mn
(calc)
 (4.74 × 
10
3
).  This was similar to what was observed by Chisholm.
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  As the % conversion increased 




weight distribution provides further evidence for the inter-chain trans-esterification 
reactions.
37
   
 
5.2.2.3: Polymerization using complexes C18 - C19 
Relationship between ligand structure and rate of polymerization 
The polymerization reactions using these two complexes also followed first order 
kinetics similar to what was observed for the aliphatic analogues.  The 
t
butyl groups also 
played a very significant role in influencing the rate of initiation and propagation for the 
polymerization.  C18 has a less crowded coordination sphere thus allowing for faster 
initiation of the reaction than C19, Table 5.4.  This is similar to what was observed for the 
aliphatic analogues C1 and C3.  Thereafter; once the insertion was accomplished the rate of 
propagation was slightly faster in C19 than in C18.  Complete lactide conversion was 
achieved in 96 h for C19 while C18 showed 94 % conversion after 100 h.  The propagation 




 for C18 and C19 respectively.  




butyl substituents on the amino and phenoxy 
moieties in C19, enhances the thermal stability of the catalyst leading to a more stable 
catalyst over time.   
 
Gel permeation chromatography analysis for the polymers produced by C18 and C19  
Complex C18 being the less sterically hindered gave polymers with higher molecular 
weights compared to that of C19.  Polymers of high Mw were obtained with increased % 
conversion.  At lower M/Zn ratios, the polymerization seemed to be more controlled as 
evident from the low PDI values.  The Mn of polymer from complexes C18 and C19 were 
much higher than those from the aliphatic analogues.  The differences could be due to the 




Table 5.4: Lactide polymerization using mononuclear complexes C18 and C19
a 





















C18 50 24 24.8 1.79 4.31 2.50 2.7 
 
 48 54.6 3.93 45.53 26.41 2.2 
 
 72 70.2 5.05 120.48 69.88 1.8 
 
 100 93.8 6.75 143.1 82.98 1.6 
 
25 10 20.6 0.74 33.09 19.19 1.2 
 
 15 46.5 1.67 43.63 25.31 1.3 
 
 20 87.9 3.16 46.84 27.17 1.7 
 
 30 92.8 3.34 52.28 30.49 1.8 
C19 50 24 trace -    
 
 48 25.8 1.86 15.53 9.01 1.7 
 
 68 62.5 4.50 17.87 10.33 1.8 
 
 96 100 7.19 18.93 10.98 1.6 
 
25 15 trace -    
 
 20 46.2 1.66 12.0 6.96 1.5 
 
 30 62.5 2.25 15.34 8.90 1.7 
 
 48 100 3.60 17.85 10.35 1.7 
a
 Conditions: toluene, 70 °C, M/Zn = 50, 
b
Calculated using Equation 1, 
c
Calculated using Equation 6, 
d
Determined 
by GPC relative to polystyrene standards, 
e
Values obtained from GPC values multiplied by 0.58 
 
5.2.2.4: Polymerization using dendritic complexes C5 and C6 
Relationship between nature of ligand and the rate of polymerization  
The zinc metallodendrimers C5 and C6 showed some activity in lactide polymerization 
with C6 being the most active, Table 5.5.  Up to 6 days were required for C6 to polymerize 
93 % of the monomer. On the other hand C5 afforded only 36 % conversion after 5 days.  








The presence of 
t
butyl groups dramatically improved the solubility of the complexes and in 
return the activity.  In essence the polymerization reaction was greatly affected by the low 
solubility of these dendritic complexes.  
 
Gel permeation chromatography analysis of the polymers produced using C5 – C6 
The Mn of polymer from C5 was very high as compared to that produced using C6.  
The difference in these two systems could be due to the fact that C5 is not completely soluble 
in the reaction solvent leading to a less controlled system.   
 
























C5 48 trace     
 
72 22.7 1.64    
 
96 31.9 2.30 44.29 25.69 1.3 
 
120 36 2.59    
C6 24 27.7 1.99 4.07 2.36 1.2 
 
48 55.6 4.01    
 
72 70.9 5.12 11.36 6.59 1.3 
 96 74.6 5.37    
 144 93.5 6.73 28.72 16.66 1.2 
a
 Conditions: toluene, 70 °C, M/Zn = 50, 
b
Calculated using Equation 1, 
c
Calculated using Equation 6, 
d
Determined by GPC relative to polystyrene standards, 
e
Values obtained from GPC values multiplied by 0.58 
 
5.2.2.5: Effects of solvent and temperature on the polymerization reactions 
Complex C1 was chosen for the study of the influence of temperature and solvent type 




ratio of 25:1, up to 98 % conversion was obtained in 24 h, Table 5.6.  However when the 
reaction was done at 25 °C in the same solvent, only traces of polymeric material was 
observed.  When the polymerization reaction was conducted at 25 °C in CH2Cl2, 20 % 
conversion was obtained in 24 h.   
Kang and co-workers also observed a decrease in catalytic activity of Zn(II) complexes 
bearing pyrazole-based ligands as temperature was reduced from 25 to -20 °C.  In this case 
the polymerization reactions were done in toluene at a M/Zn ratio of 50.  Up to 93 % 
conversion was obtained in 2 h at 25 °C as opposed to 52 % after 12 h at -20 °C.
37 
High D, L-lactide conversions were also reported by Wang and Ma at ambient 
temperature in THF or toluene in the presence of a series of zinc silylamido complexes as 
catalysts.  In each case conversion of between 67 – 95 % were achieved in 50 min,  
M/Zn = 200.  Under the polymerization conditions used, very slight solvent effects were 
observed for the same complex in the solvents.
29
 
Another significant observation form theses studies was that at lower temperature, 25 
°C, the polymerization progressed in a more controlled fashion even though the conversion 
was lower.  Lower PDI’s were obtained when reactions were carried out in CH2Cl2 as 












Table 5.6: Effect of solvent and temperature in the polymerization of D, L-lactide using C1 at M/Zn = 
25. 






















Toluene 70 2 22.7 0.82 0.27 0.15 3.2 
  5 68.35 2.46 2.23 1.29 1.6 
  10 80.5 2.90 2.49 1.45 1.5 
  20 92.4 3.33 2.44 1.42 1.4 
  24 97.5 3.51 12.07 6.99 1.3 
Toluene 25 24 trace - - - - 
CH2Cl2 25 
e
24 22.1 n.d. n.d. n.d. n.d. 
  72 34.2 1.23 1.32 0.77 1.3 
  96 42.9 1.54 2.24 1.30 1.3 
  120 51.2 1.84 3.043 1.765 1.2 
a
Calculated using Equation 1, 
b
Calculated using Equation 6, 
c
Determined by GPC relative to polystyrene 
standards, 
d
Values obtained from GPC values multiplied by 0.58, 
e
Sufficient polymeric material could not be 
obtained after purification for GPC analysis 
 
5.2.2.6: Melt polymerization reactions using dendritic complexes C4 – C9 
Due to the low polymerization activity of the 1
st
 generation metallodendrimers in 
solution, it was decided to evaluate these complexes as catalyst for the polymerization of D, 
L-lactide under melt conditions.  The Zn(II) metallodendrimers were evaluated for the 
polymerization of D, L-lactide under solvent free melt conditions at a M/Zn ratio of 50:1.  A 
typical polymerization experiment involved heating D, L-lactide to 160 °C with the 
appropriate metallodendrimer.  The lactide forms a melt in which the polymerization can 





Table 5.7: Polymerization of D, L-lactide using C4 – C9 under melt conditions 
 M/Zn 




















50 160 10 33.8 2.43 n.d. n.d. n.d. 
 50 160 15 58.9 4.24 1.38 0.81 1.6 
 50 160 30 86.6 6.21 2.55 1.48 1.7 
 50 160 1440 99.8 7.19 6.12 3.55 1.6 
 100 160 30 64.0 9.22 1.24 0.72 1.6 
C5 50 160 10 68.9 4.96 1.65 0.95 1.8 
 50 160 15 80.6 5.80 1.94 1.12 1.8 
 50 160 30 96.7 6.63 3.37 1.96 2.1 
 100 160 30 79.3 11.42 3.41 1.98 2.1 
C6 50 160 10 74.2 5.34 1.62 0.94 1.7 
 50 160 15 86.6 6.24 1.86 1.08 1.8 
 50 160 30 99.0 7.13 2.04 1.19 2.0 
 50 140 30 77.4 5.57 1.42 0.83 1.5 
 50 120 30 56.7 4.08 1.38 0.80 1.5 
 100 160 30 84.0 12.14 2.83 1.64 2.2 
C7 50 160 10 78.1 5.62 1.49 0.86 1.6 
 50 160 30 82.8 5.96 1.98 1.15 1.8 
 100 160 30 40.3 5.80 2.59 1.50 1.8 
C8 50 160 10 80.5 5.80 1.84 1.06 1.7 
 50 160 30 99.0 7.13 2.16 1.25 1.9 
 100 160 30 68.5 9.86 2.83 1.64 2.4 
C9 50 160 10 81.9 5.90 1.04 0.60 2.7 
 50 160 30 99.0 7.13 2.68 1.55 2.2 
 50 140 30 73.6 5.30 2.25 1.30 2.2 
 50 120 30 27.7 2.71 1.75 1.01 1.83 
 100 160 30 80.2 11.55 2.93 1.70 2.8 
a
Calculated using Equation 1, 
b
Calculated using Equation 6, 
c
Determined by GPC in THF at 30 °C relative to 
polystyrene standards, 
d
Correction factor of 0.58 applied to the GPC values, 
e
Sufficient polymeric material could not 







 generation metallodendrimers showed a rapid rate of polymerization.  High 
conversions of 87, 97 and 99 % were obtained for C4, C5 and C6 respectively in 30 min.   
For the 2
nd
 generation metallodendrimers, a similar trend to that of the 1
st
 generation 
was observed.  C9 which possess 
t
butyl groups at the ortho- and para- positions relative to 
the phenoxide was the most active.   
The effect of the temperature on the polymerization was investigated using the most 
active G1 (C6) and G2 (C9) catalyst.  The M/Zn ratio was maintained at 50:1 and the 
reactions performed at 120, 140 and 160 °C.  It was observed that the catalytic activity of 
these metallodendrimer increased with increase in temperature.   
 
Gel permeation chromatography analysis of the polymers produced using C4 – C9 under 
melt condition 
The molecular weights of the polymers obtained experimentally using GPC were much 
lower than the theoretical values.  This may suggest that there could be intra-molecular trans-
esterification occurring leading to formation of cyclic products.  At shorter reaction times i.e. 
10 min, relatively high PDI values were recorded.   
However, several other initiators have also been reported to produce polymers of higher 
molecular weight in the solvent free melt conditions.  Jensen et al.
40
 reported bidentate 
pyridyl-NHC Zn(II) complexes that polymerized lactide only in the melt phase and in the 
presence of BnOH.  The evaluation was done at 140 °C with varying M/Zn mole ratios 
started from 50 to 200.  They observed very rapid rates of polymerization with 97 % 





5.2.3: Characterization of polylactides produced  




NMR spectroscopy of polymers has been established as a powerful technique in the 
determination of polymer microstructure.  Polylactide can either be isotactic, syndiotactic or 
atactic.  Sequences of up to eight asymmetric centers can be differentiated in a completely 
atactic-PLA (Scheme 5.3), however only chemical shifts of stereosequences on the tetrad 
level have been assigned for which there are three pair-wise relationships.  
For example a (R,R,R,R) or (S,S,S,S) tetrad would be denoted as iii and a (R,R,S,S) or 
(S,S,R,R) as isi as illustrated in Figure 5.3 where i and s denotes isotactic and syndiotactic 
respectively.
41
  D, L-lactide polymerization devoid of epimerization and trans-esterification 
can only produce five tetrad sequences viz. iii, iis, sii, isi and sis.  In the polymerization of D, 
L-Lactide there can be no ss junction ruling out the sss, ssi and iss tetrads. 
13
C NMR analysis 
of some of the PDLLA obtained using some of the zinc complexes is summarized in Tables 
5. 8 and 5.9.   
It was observed that the iii, iis, sii, sis tetrads were present between 62 and 69 % with 
only one exception.  The presence of the other tetrads, iss, sss and ssi, further supports the 
occurrence of trans-esterification reactions.  The presence these other tetrads in such 
significant proportions ~30 % indicates that in these catalysts systems do not have 
stereoselectivity for either the D or the L-lactide.  The substituents on the phenoxyl moiety do 
not seem to play a very significant role in the controlling the stereochemistry of the polymers 
produced either.  The stereochemistry of the approaching lactide unit is probably more 
influenced by the previously incorporated lactide unit in the polymer chain.  Polymers 




catalysts.  The melt polymerization products are similar to those obtained in solution.  The 





































































































































































































Table 5.8: Intensities of different tetrad stereo-sequences of the polymers from solution reactions 




Catalyst M/I Time Conversion 
Tetrad intensities 
iii, iis, sii, isi, sis iss sss ssi 
C1 25 2 22.7 51.3 25.1 15.6 8.1 
C1 25 5 68.4 63.4 32.7 2.3 1.6 
C1 50 48 89.3 65.4 28.9   
C2 50 72 65.6 67.0 22.9 4.3 5.9 
C3 50 96 56.3 68.0 27.5  4.5 
C18 50 72 70.2 68.5 29.3 2.3  
C19 50 68 62.5 62.2 23.9 10.5 3.4 
a
Conditions: toluene, 70 °C 
 
Table 5.9: Intensities of different tetrad stereo-sequences of the polymers calculated from the  
13
C-NMR spectra of the polymers from melt reactions. 
Complex M/I Time (min) Temp (°C) Conv. (%) 
 Tetrad intensities 
sis, iis, sii, iii isi iss sss ssi 
C4 50 10 160 33.8 64.8 8.9 20.7 3.1 2.6 
C4 50 30 160 86.6 49.7 11.3 27.2 5.7 6.4 
C5 50 30 160 96.7 66.3 0 27.3 2.7 3.6 
C6 50 30 160 99.0 59.7 0 29.9 4.1 6.2 
C6 50 30 140 77.4 57.3 0 30.4 5.4 7.0 
C6 50 30 120 56.7 63.5 0 30.6  6.0 
C4 100 30 160 64.0 60.6 7.4 24.0 3.7 4.2 
C5 100 30 160 79.3 64.2 0 28.2 2.7 4.9 
C6 100 30 160 84.0 61.1 0 27.5 4.2 7.3 
C7 50 30 160 82.8 67.0 0 27.4 0 5.6 
C8 50 30 160 99.0 62.9 0 24.3 5.8 6.9 




5.2.3.2: Polymer morphology 
IR (Crystallinity, morphology) 
The crystallinity of a polylactide can be gauged using infrared spectroscopy.  Ribeiro et 
al.
45
 summarized all the relevant bands associated with different phases.  The FT-IR data was 
compared to those published in order to establish the phase of the polymer.  The FT-IR 
spectrum of pure D, L-lactide is shown in Figure 5.8.  The shift in the absorption bands are 










Figure 5.8: FT-IR (ATR) spectrum of D, L – Lactide 
 
Complex C1 produced amorphous polymers with similar properties irrespective of the 
concentration of the catalyst, M/Zn = 25, 50 or 100.  Figure 5.9 shows an overlay of spectra 
of polymers obtained at M/Zn = 25 after 5, 20 and 24 hours.  The three polylactide samples 
showed similarity in their stereo-chemistry.  The most significant bands were observed as 
very strong peaks at 1746 cm
-1
 due to the stretching vibration (α, ν(C=O)), 1261 cm-1 ν(-C-O-
C-), 1182 (amorphous or α’ and α, νas(C-O-C) + ras (CH3)), and 1044 (amorphous or α, ν(C-
CH3).  The peak at 866 cm
-1

























































the amorphous phase.  Another significant peak was the one which occurred at 955 cm
-1
.  
This peak can be assigned to the coupling of the C-C backbone stretching with that of the 
CH3 rocking in the amorphous phase.  Amorphous polymers are commonly obtained when  




Figure 5.9: FT-IR spectra of polymer produced by C1 as catalyst at various times, M/Zn = 
25 
 
FT-IR (ATR) spectra of polymers produced using C1, C2 and C3 at M/Zn =50 
revealed significant differences, Figure 5.10.  The morphology of the polymers produced 
using C2 (72 h) differed from those produced using C1 (72 h) and C3 (96 h).  The polymers 
synthesised using C1 and C3 were amorphous and similar in nature to those produced using 























Figure 5.10: FT-IR spectra of polymer; M/Zn = 50, C1 and C2 at 72 h, and at 96 h for C3.  
 
The spectrum of the polymer produced by C2 shows bands at (cm
-1
) 1752 (amorphous 
or α, (C=O)), 1249 (C-O), 1146 (amorphous, νas(C-O-C) + ras(CH3)), 1087 and 1097  
(α’ and α, νs(C-O-C)), and 1053, 1033 (amorphous or α, ν(C-CH3).  The peak at 1249 cm
-1
 in 
the polymer produced using C2 is very strong compared to that of the polymers from the 
other two catalysts.  The presence of the peak at 926 cm
-1
 is characteristic of the α-crystalline 
phase coupling of the C-C backbone stretching with the CH3 rocking only.
45
  Due to this peak 
it can be concluded that polymers produced by C2 is in the α-crystalline phase with a small 
amount in the amorphous phase indicated by the weak peak at 866 cm
-1
.  
FT-IR (ATR) spectra, Fig. 5.11, of polymers produced at M/Zn =50 for C5, C6 and 
C18 after 72 h showed characteristics of an amorphous polymer.  Similarly C19 also 
























































































Figure 5.11: FT-IR spectra of polymer of C5, C6 and C18 at M/Zn = 50 after 72 h, C19, M/Zn = 50 
after 68 h 
 
Scanning electron microscopy ( SEM) (visual morphology) 
SEM was used to investigate the surface patterns of the polymer.  The polymers 
produced displayed different morphological patterns, Figure 5.12 – 5.14.  Wu et al.47 
proposed that polymers of D, L-lactide could form self organized double strand helix when 
mixed at a 1:1 ratio.  Note, that labeling of the SEM images, C1-25-20 represents; Complex 



























































































Figure 5.14: SEM images of various PDL-LA obtained using C18 and C19 at M/Zn = 25, 20 h. 
 
Most of the polymers obtained displayed smooth surfaces.  In a few exceptions e.g. C5 
and C19 gave the polymers that had bead like structures on the surface.   
 
5.2.3.3: Thermal properties of polymers produced 
Thermal gravimetric analysis (TGA) for C4 – C6 
Only polymers produced using catalyst C18 and C19 were characterized by TGA.  The 
thermogram obtained for the polymers produced using C18 at M/Zn = 50 after 96 h is shown 
as an example, Figure 5.15.  The 1
st
 stage of thermal decomposition begins at around 200 °C 
and progresses gradually till 280 °C where ca 20 % of the initial mass is lost.  The next stage 
of decomposition occurs between 300 – 380 °C and progresses much faster with complete 
loss of the remaining 80 % of the mass.  There is complete decomposition at 380 °C.  
Polylactide from our Zn(II) catalyst were more thermally stable compared to those produced 
using Mn(II) and Fe(II) salen catalysts.  Idage et al. reported that the PLLA prepared using 
Mn and Fe completely decomposed at 260 °C.
49






Figure 5.15: Thermogram for polymer obtained from C18, M/Zn = 50, 96 h 
 
Differential scanning calorimetry (DSC) 
The DSC analysis for polymers produced using C18 and C19 were done over the 
temperature range of 0 to 180 °C.  This temperatures range was selected after recording the 
TGA analysis.  PLLA with 100 % L content and a PDLLA with complete racemic and 
random sequence normally have glass transition temperatures (Tg) around 62 and 45 °C 
respectively.  These polymers obtained from C18 and C19 showed the presence of Tg’s at 54 
and 56 °C respectively.  These values are characteristic of isotactic polylactide and are 
similar to those we reported for Cu(II) complexes with similar ligands systems.
27
  Urayama et 
al.
49 
also published similar values for isotactic polymers.  It has been reported that as the 






Figure 5.16: DSC plot for C18, M/Zn = 50, 96 h; 1
st
 cycle of heating, 2
nd




The mononuclear (C1-C3, C18, C19) and the multinuclear (C4 - C9) Zn(II) complex 
were investigated as catalysts for the polymerization of D, L-lactide.  The reactions were 
monitored using 
1
H-NMR to establish the % conversion for the polymerization reaction.  
Other techniques such as GPC and 
13
C-NMR were employed to establish the Mn and 
stereochemistry of the polymers. FT-IR was also employed to probe the crystallinity of the 
polymers. 
Catalyst C1 was the most active of the systems evaluated in solution with up to 96 % 
conversion after 72 h.  In the mononuclear catalytic systems, bulky substituents on the 
phenoxy moiety lead to a decrease in activity.  These systems showed a linear relationship 
between molecular weight and monomer conversion at different M/Zn ratios indicating the 




Under the melt polymerization conditions, the G2 metallodendrimers were observed to 
be the more active than the G1 analogues.  However the Mn of the polymers were much lower 
compared to that of the products obtained in solution.   
These catalysts did not show any selectivity for either the D or the L-lactide thus 
yielding amorphous polylactide.  
 
5.4: Experimental 
5.4.1: Materials and instrumentation 
All solvents used were of analytical grade and were dried and distilled prior to use.  
Toluene was dried over and distilled from sodium/benzophenone, methanol from magnesium 
turnings/iodine and dichloromethane over phosphorous pentoxide.  Dioxane was distilled and 
collected at its boiling point and stored over 4 Å molecular sieves.  D, L-lactide was obtained 
as a research gift from Purac Biochem Netherlands, and was used without further 
purification. 
The NMR spectra were recorded on a Varian 300 VNMRS spectrometer (
1
H at 300 
MHz 
13
C at 75.4 MHz unless otherwise stated) at room temperature using tetramethylsilane 
as an internal standard.  The chemical shifts are reported in δ (ppm) and referenced to the 





chemical shifts are given in δ ppm and referenced to the residual 13C in solvents.  Infrared 
spectra were recorded on a Nicolet Avatar 330 FT-IR spectrophotometer using an ATR 
accessory and employing a resolution of 1 cm
-1
.  The spectrophotometer was equipped with 





Gel permeated chromatography (GPC) 
The determination of molecular weights and molecular weight distributions was carried 
out on a Polymer Standards Systems (PSS) GPC apparatus equipped with a refractive index 
detector.  Calibration was done using polystyrene standards.  The instrument comprised a 
Waters 1515 isocratic pump, a Waters inline degasser AF, a Waters 717 plus auto sampler 
with a 100 µL sample loop, a Waters 2487 dual wavelength absorbance UV detector, a 
Waters 2414 refractive index detector at 30 ⁰C.  GPC measurements were performed on a set 
of two PLgel columns (Polymer Laboratories) 5 µm Mixed-C (300 x 7.5 mm
2
) connected in 
series along with a PLgel guard column (50 x 7.5 mm
2
).  THF (stabilized by 0.125% BHT) 
was used as mobile phase at a flow-rate of 1.00 mL/min.  Sample concentrations were 1.0–
5.0 g/L and injection volumes were 100 µL.  The columns were calibrated with PS standards 
from Polymer Laboratories (Church Stretton, Shropshire, UK).  Data processing was 
performed by Breeze version 3.30 SPA (Waters) software. 
 
Scanning electron microscopy (SEM) 
Imaging of the samples was accomplished using a Leo® 1430VP Scanning Electron 
Microscope at the Stellenbosch University.  Prior to imaging the samples were mounted on a 
stub with double sided carbon tape.  The sample was then coated with a thin layer of gold for 
90s in a 20 mV argon atmosphere on S150A sputter coater.  This was done in order to make 
the sample surface electrically conducting.  Beam conditions during surface analysis were 7 
KV and approximately 1.5 nA, with a working distance of 9 mm and a spot size of 150.   
 
5.4.2.1: General polymerization procedure of D, L-lactide in solution 
In a typical polymerization, D, L-lactide (0.72 g, 5 mmol) was dissolved in the 




The solution was degassed, stirred or heated for the appropriate amount of time.  In the case 
where CH2Cl2 was used the solution was stirred at 25 °C under nitrogen.  For the higher 
temperature reactions, the solution/mixture was heated under vacuum in either toluene or 
dioxane at 70 °C or 100 °C respectively.  After the reaction time, each sample had all 
volatiles removed and a 
1
H-NMR spectrum of the crude material obtained in CDCl3.  The 
integration values of the methine proton of the monomer and that of polymer were used to 
calculate the percentage conversion using Equation 1.   
 
5.4 2.2: General polymerization reaction procedure under the melt condition 
In a typical polymerization experiment D, L-lactide (0.72 g, 5 mmol) and appropriate 
metallodendrimer were charged into a 25 mL round bottomed flask.  The flask was evacuated 
and placed in an oil bath at appropriate temperature for the appropriate time.  Under these 
conditions, the reaction mixture turned into a melt in which the polymerization occurred.  The 
molten mixture was cooled by immersing the round bottomed flask in an ice bath to stop the 
polymerization.  Conversion was determined by 
1
H-NMR spectroscopy of the crude reaction 
mixture in CDCl3 using Equation 1.  
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Chapter 6 : Preliminary Evaluation of Pd(II) 






Development of new non-metallocene homogeneous catalysts for the oligomerization 
and polymerization of olefins with improved activity and selectivity is a major research area 
in the field of organometallic chemistry.
1
  
Linear alpha olefins (1-C4 to 1-C20) are useful intermediates in many processes amongst 
which are the manufacture of co-polymers, detergents, synthetic lubricants, plasticizers and 
long chain alcohols.
2
  There has been considerable effort in the development of late transition 
metal catalysts for the oligomerization and polymerization of these low carbon number 
olefins in both academia and industry.
3
  However the higher olefins (C6 and above) have not 
received as much attention as lower molecular weight monomers such as ethylene and 
propylene.
4
  These higher α-olefins can also undergo other transformations such as 
hydrogenation, cyclization and isomerisation.
5, 6
 
In the last three decades, there has been a tremendous amount of academic and 
industrial research focused on the development of well-defined, highly active homogeneous 
catalysts for the oligomerization and polymerization of olefins unlike the multi-sited 
heterogeneous Ziegler–Natta catalysts.7-9  Some homogeneous catalytic systems have also 
been commercialized e. g. the SHOP process by Shell.  




I. High olefin-insertion ability 
II. Availability of two cis-located sites 
III. High stability under the reaction conditions employed 
 
These properties are greatly induced by the ligand system and the nature of the co-
catalyst.
11




transition metal catalysts.  Late transition metals have been shown to be more tolerant of 
polar-functionalized α-olefins compared to the early transition metals because they are less 
oxophilic in nature.  Nevertheless, late transition metals catalysts are less active in the 
polymerization of simple olefins. 
However after Brookhart and co-workers reported Ni(II) and Pd(II) diimine based 
complexes as efficient ethylene  catalysts, there has been considerable effort in developing 
nitrogen based donor ligands.
12
  These researchers observed that the use of sterically hindered 
ligands improved catalyst activity by limiting chain termination processes.  Grubbs et al.
13
 
later reported a series of salicylaldiminato nickel catalysts with bulky imino substituents that 
exhibited moderate activity in ethylene polymerization.   
The interest in the metal complexes containing pyrrolide ligands (which is also a 
nitrogen donor ligand) has been renewed since the discovery of chromium pyrrolyl 
compounds that efficiently catalysed the trimerization of ethylene.
14
  
In this chapter we discuss the application of the palladium complexes (C10 – C17) 
covered in Chapter 4 in the transformation of α-olefin.  Our main objective in this study was 
to apply these complexes as catalysts in the oligomerization of ethylene and other α-olefins.  
The activity of some of the mononuclear complexes, Figure 6.1 was also compared to that of 
the multinuclear complexes (metallodendrimers), Figure 6.2 and 6.3.  We also compare N,N 














C10: R = C3H7 
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 generation (G1) dendritic pyrrolylaldiminato Pd(II) complex, C12 
 
6.2: Results and discussion 
6.2.1: Ethylene oligomerization 
The ethylene oligomerization reactions were carried out in a 300 mL stainless steel 
autoclave.  Various reaction conditions namely, temperature, Al:Pd ratio and ethylene 
pressure were investigated to establish the optimal conditions.  The metal concentration was 















































 generation (G1) dendritic pyrrolylaldiminato Pd(II) complex, C13 
 
6.2.1.1: Evaluation of mononuclear pyrrolylaldiminato Pd(II) complexes under various 
reaction conditions, complex C11 
Preliminary investigations were done using the pyrrolylaldiminato complex C11 in the 
presence of EtAlCl2 to establish the optimal reaction conditions to employ, Table 6.1.  It was 
established that the amount of co-catalyst played a very important role.  At Al:Pd ratios 
below 1000:1, C11 was not active even at an ethylene pressure of 20 bar.   
When the amount of co-catalyst was increased, (Al:Pd = 2000:1) oligomers were 
obtained even at a much lower pressure of ethylene.  At an ethylene pressure of 10 bar, a 




 was obtained while at 20 bar, the TOF was  




.  The higher activity for this pre-catalyst at an ethylene 
pressure of 20 can be attributed to higher monomer concentration in the reaction mixture.  







Other pyrrolylaldiminato transition metal complexes have been reported to oligomerize 
or polymerize ethylene in the presence of co-catalysts such as MAO or Et2AlCl.  However, 
our complexes were inactive when MAO or Et2AlCl were employed as co-catalysts.  
 
Table 6.1: Ethylene oligomerization data C11
a
 
Al:Pd P (bar) TOF
b






1000:1 10 -     
1000:1 20 680 52.6 47.4 70.2 29.8 
2000:1 5 -     
2000:1 10 60     
2000:1 20 920 43.8 56.2 65.6 34.4 







Expressed as a % of the total product mixture, 
d





 recently reported a V(III) pyrrole-imine complex bearing the same ligand on 





. In this case the vanadium complex was activated with Et2AlCl while using 
Cl3C2O2Et as a promoter.  These reactions were however done at a higher temperature of  
50 °C. 
An in-situ generated Cr(III) complex based on the same ligand as C11 also exhibited 
very low activity in the polymerization of ethylene.  For this Cr catalyst system, He et al.
18
 




 while using MMAO as co-catalyst,  




A proposed catalytic cycle for the ethylene oligomerization is shown in Scheme 6.1.  
The first step involves the alkylation of the Pd pre-catalyst with EtAlCl2 followed by  
β-hydride elimination to form a Pd-H species thought to be the active species, step 1.  
Ethylene then coordinates to the metal center, step 2, followed by insertion of the monomer 
into the metal hydride bond to produce a Pd-ethyl species, step 3.  This subsequently reacts 
with additional ethylene leading to chain growth, 4.  Chain termination occurs via β-hydride 




While employing EtAlCl2 no short chain oligomers were detected when analysing the 
reaction mixture using gas chromatography (GC).  Instead the formation of alkyl toluenes 
was observed.  These alkyl toluenes are formed as a result of Friedel-Crafts alkylation of the 
solvent, toluene, by the reaction of the α-olefins present in the mixture.  The Friedel-Crafts 
alkylation is mediated by the co-catalyst, EtAlCl2.  Such Friedel-Craft alkylations of toluene 
during ethylene oligomerization have recently been reported by Darkwa et al..
20
  It should be 
noted that no toluene alkylation occurs when Et2AlCl and MAO were employed as co-
catalyst.  This is presumably due to the fact that these two organo-alumium species are not 
Lewis acidic enough to interact with the alkenes to form the carbonium ion which is a crucial 
intermediate in the Friedel-Crafts alkylation process.   
In the case where C11 was employed as pre-catalyst, a range of alkyl toluenes were 
detected.  The proportion of the alkyl toluene products consisted largely of butyl-toluenes 




































Scheme 6.1: Proposed mechanism for the oligomerization of ethylene 
 
These observations are consistent with a two-stage process whereby, ethylene is 
oligomerized generating C4 and C6 alkenes, Scheme 6.1.  The Friedel-Crafts alkylation of 
toluene by the generated alkenes then occurs, Scheme 6.2.  In addition to the alkyl-toluenes, 
it was also found that on removal of solvent from the reaction mixture an oily residue was 












C11; R = C4H9  
C13; R = C6H13  




 also reported a similar observation where C4, C6, C8, and C10 alkyl-
substituted toluenes were obtained while using a Ni(II) complex with a guanidine P, N ligand.  
In this case, much milder conditions were employed, Al:Ni = 14:1, 1 bar ethylene pressure 
and reaction time of only 20 min.  However, when they changed the solvent to CH2Cl2 or 
chlorobenzene only traces quantities of butenes and hexenes were detected by GC.  
In an attempt to eliminate the possibility of the low molecular weight oligomers 
interacting with the solvent, subsequent reactions were conducted in a non-aromatic solvent 
such as hexane.  This is discussed in the following section.   
 
6.2.1.2: Effect of reaction conditions on C10 – C13 as catalyst precursors for ethylene 
oligomerization 
The four pyrrolylaldiminato complexes were then evaluated as ethylene 
oligomerization catalysts in hexane as solvent using the reaction conditions established for 
the toluene system.  Using C11 the pre-catalyst was tested at ethylene pressure 20 bar, temp 





was obtained.  This TOF value was much lower than that observed using toluene as solvent.  
The lower activity in hexane could possibly be due to the low solubility of the C11 in hexane.   
Under similar conditions as those employed for C11 the other pyrrolylaldiminato 




to find alternative reaction conditions for the afore-mentioned pre-catalysts using C10 by 
varying the amounts of co-catalyst and changing the reaction temperature.  The results are 
summarized in Table 6.2.  The ethylene pressure was maintained at 20 bar and the 
temperature at 25 °C while the amount of co-catalyst was increased up to a Al:Pd ratio 
2000:1.  Some catalytic activity was observed but only after the reaction had proceeded for 3 
hours. 
 
Table 6.2: Ethylene oligomerization catalysed by C10, C11 and C14
a 
 
Al:Pd Time (h) Temp (°C) P (bar) TON TOF
b
 
C11 1000:1 1 25 20 116 116 
C10 500:1 1 25 20  - 
 1000:1 1 25 20  - 
 
2000:1 1 25 20  - 
 
2000:1 3 25 20 240 80 
 
2000:1 3 30 20 342 114 
 
2000:1 5 30 20 470 94 
C14 2000:1 1 25 10  - 
 
2000:1 1 25 20  - 
 
2000:1 1 30 20 197 197 
a
Conditions: 50 mL n-hexane, 5 μmol Pd, b TOF = kg product (mmol Pd)-1 h-1), cTurn-over number  




Raising the temperature to 30 °C improved the catalytic activity of C10 but again up to 
3 hours reaction time was required.  However prolonged reaction time of up to 5 h resulted in 













 (Al:Pd 2000:1) obtained after 3 hours.  This may imply that catalyst 
deactivation occurs over extended period of time.  It could be that the catalyst is not stable in 
solution over extended times. 
Under the conditions employed for C10, no activity was observed in the case of C12 
and C13.  The inactivity may be due to the low solubility of these metallodendrimers in 
hexane. 
 
6.2.1.3: Effects of changing the ligand system on the oligomerization 
Comparison between different donor atom systems was accomplished by changing 
from the pyrrolylaldimine ligand in C10 to a salicylaldimine system in C14.  The 
salicylaldiminato complex C14 proved to be a better catalyst.  A TOF value of  




 was obtained at 30 °C, 20 bar ethylene pressure and in 1 hour 
of reaction time.  We propose that the oligomerization follows a similar mechanism to that of 
the pyrrolylaldiminato complexes  
 
6.2.3: Characterization of the oligomers obtained using C10, C11 and C14 pre-catalysts 
These three pre-catalysts oligomerized ethylene yielding predominantly long chain 
oligomers when evaluated in toluene and hexane as solvents.  The oils were only slightly 
soluble in THF and chlorobenzene.   
 
FT-IR spectroscopy  
The FT-IR spectrum of these oil showed that the material was a hydrocarbon, Figure 
6.4.  The spectrum obtained suggested that the oligomers obtained were saturated 




of the metal alkyl on treatment with HCl.  Another reason for the saturated hydrocarbon 
could be due to the presence of chain transfer to aluminium as a termination mechanism as 





Figure 6.4: FT-IR spectrum of oligomers obtained using C11 (1000:1, toluene, 25 °C, 20 bar)  
 
Atmospheric pressure chemical ionization mass spectrometry (APCI-MS) 
APCI-mass spectra were also obtained for all the oligomers (oil products).  The 
oligomers produced employing C11 appeared to be the most viscous of the lot and also had 
the highest molecular weight.  The oily products were mainly composed of even carbon 
numbered oligomers with broad molecular weight distribution.  Complex C11 seems to 
favour chain propagation with oligomers of up to C64 being obtained (see APCI-mass 
spectrum, Figure 6.5).  The mononuclear pyrrolylaldiminato complex C11 gave oligomers 
with higher molecular weight compared to those produced by C10, (Figure 6.6).  C11 is more 
sterically hindered than C10.  In C11, the moiety on the imino nitrogen is 2,6-diisopropyl 






























whereby an increase in the steric bulk of the ligand leads to an increase in the catalytic 
activity and hence higher molecular weight polymers.
13 
 
6.2.1.2: Attempted oligomerization of 1-hexene 
In an attempt to oligomerize 1-hexene using C10 - C14 as pre-catalysts in the presence 
of EtAlCl2 as co-catalyst in toluene as solvent, interesting observations were made.  Only odd 
carbon numbered compounds arising from Friedel-Crafts (F-C) alkylation of toluene were 
detected using gas chromatography with no dimers or trimers of 1-hexene being observed.  
These (F-C) products were the mono-alkylated toluene (C13) and di-alkylated toluene (C19) 
arising from the reaction of the toluene and 1-hexene.   
Alkylation of toluene in the presence of 1-hexene was subsequently established to also 
occur readily using EtAlCl2 in the absence of a transition metal complex.  At this stage it is 
presumed that the palladium complex plays no role in the alkylation of toluene but may be 
mediating in the isomerization of 1-hexene to internal olefins. 
GC-MS analysis of the reaction mixture obtained using C10 and C14 revealed the 
formation of two products whose molecular ions were observed at m/z = 176 and 260, Figure 
6.7.  These ions correspond to the mono- and di-alkylated toluene product C6H13–toluene and 
(C6H13)2–toluene respectively.  The GC and GC-MS showed the presence of regio-selectivity 
for the alkylated products, five peaks were observed for the C13 cluster with retention times of 
10.97, 11.15, 11.20, 11.36 and 11.56 min.  These could be due to alkylation of toluene by the 
1-hexene in the ortho, meta, or para positions.  The additional peaks could be due to the 





















Figure 6.5:  APCI-mass spectrum obtained for C11 Al:Pd (2000:1), 1 h, 25 °C in toluene. 
Oligoethylene
m/z



























































Figure 6.6: APCI-mass spectrum obtained for C10 (Al:Pd 2000:1 , 3 h, 30 °C in Hexane.
185; 1:2000, 20, 3 
JNM_343
m/z

































The peaks with retention time of 10.97, 11.15 and 11.20 min are thought to be those of 
the linear alkylation products.  These three regioisomers show an identical fragmentation 
pattern where the hexyl substituent is lost sequentially, Figure 6.8.  The fragmentation pattern 
inferred from GC - mass spectrum followed a pattern typical of linear alkanes.  An ethyl 
group was lost first giving rise to a fragment at m/z 147  followed by the loss of 4 methylene 
groups as individual fragments yielding an ion at m/z 91 that corresponds to a toluene 
fragment.   
The other chromatographical peaks with retention time of 11.36 and 11.50 min were 
assigned to the products formed after the alkylation of the toluene with the internal hexene.  
This interaction yielded branched alkylation products.  The GC - mass spectra of the two 
isomers showed a slightly different fragmentation pattern to that of the linear analogues.   
There was an initial loss of a n-butyl fragment resulting in an ion peak at m/z 119 followed 
by two methylene ions giving rise to an ion at m/z 91.   
The differences in the fragmentation pattern lead us to the assumption that our 
palladium system isomerized 1-hexene to the internal olefin.  Subsequent to the 
isomerization, the EtAlCl2 mediated the alkylation of toluene with the internal hexene.  
The products with retention times between 14.60 to 15.61 min are those of the  
di-alkylated toluene products.  The fragmentation patterns of these products were more 
complicated than those of the C13 isomers.  The C19 products are obtained after the F-C 
alkylation occurring at any two of the three probable positions (ortho, meta, para) with either 
α or the internal hexene.  
In an attempt to eliminate the F-C alkylation, reactions were repeated in hexane as 
solvent employing EtAlCl2 in hexanes as co-catalyst similar to what was done in the ethylene 
oligomerization reactions.  After reactions of up to 3 hours with sampling at regular intervals, 



















Figure 6.7: GC-MS chromatogram indicating Friedel-Craft alkylation of toluene with 1-hexene while using C10 and C14 as pre-catalysts 
JNM 368_100d
Time
4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00
%
4
4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00
%
3
















































 = C6H13) 



























































128.0642 161.1344131.0874 145.1042 154.0805
174.1413 177.1597














































































Peak at 11.56 min
Peak at 11.38 min
Peak at 11.20 min
Peak at 11.152 min





In addition no long chain oligomers were isolated on removal of the solvent from the 
reaction mixture.  These complexes are thus inactive in hexane as solvent. 
It would thus appear that these palladium systems are unable to mediate the 
oligomerization of the higher α-olefins.  Varying the parameters such as increasing the 
catalyst loading to 20 µ mol, or Al:Pd ratio to1000:1 did not result in any oligomerization. 
Other researchers have observed a similar trend where α-olefins alkylate aromatic 
hydrocarbons such as toluene and benzene.  This phenomenon of alkylation has also been 
observed by others in our research group.  Malgas-Enus
23
 recently reported salicylaldiminato 
and iminopyridyl Ni(II) metallodendrimers that were also involved in alkylation of toluene.  
1-pentene and 1-octene have also been shown to alkylate toluene under similar conditions to 
those employed in the 1-hexene reactions.   
The presence of the transition metal pre-catalyst influenced the distribution of the 
alkylation products.  C13 was formed in higher % yield compared to C19 in all the catalytic 
systems, Table 6.3.   
 
Table 6.3: Selectivity of the Friedel-Craft alkylation products using C10 - C14
a
 
Complex Friedel-Crafts alkylation product distribution 
C13 C19 
C10 66.9 33.1 
C11 82.3 17.6 
C12 87.5 12.4 
C13 78.0 22.0 
C14 70.8 29. 2 
a





The oligomerization of higher olefins thus proved unsuccessful in both toluene and  
n-hexane.  When toluene was employed as solvent the substrate was consumed in the 
alkylation process before any oligomerization could be occur. 
 
6.3: Conclusions  
Pyrrolylaldiminato and salicylaldiminato palladium complexes were evaluated as pre-
catalysts in the presence of EtAlCl2.  The active species that facilitates oligomerization was 





 were obtained for the most active complex C11.  The higher catalytic 
activity of this species is probably due to the higher stability of the active species of C11 
under the conditions employed.  The inactivity of metallodendrimers C12 and C13 may be 
attributed to their low solubility in the solvents employed. 
 
6.4: Experimental  
6.4.1: Materials and instrumentation 
All solvents used were of analytical grade and were dried and distilled prior to use.  
Toluene and n-hexane were dried over and distilled from sodium/benzophenone and ethanol 
from magnesium turnings/iodine.  EtAlCl2 (1.0 M in hexanes or 1.8 M in toluene) was 
obtained from Sigma Aldrich and used without any further purification.  Ethylene (99.9 %) 
was obtained from Afrox.   
The GC analysis was done using a Varian CP-3800 gas chromatograph equipped with a 
flame ionization detector (GC-FID) using a HP PONA column.  o-Xylene was used as the 
internal standard during the GC analysis.  Infrared spectra were recorded on a Nicolet Avatar 
330 FT-IR spectrophotometer using an ATR accessory with a ZnSe crystal.  The atmospheric 




G2 spectrometer introduced via an ASAP probe in the positive mode at Central Analytical 
Facilities, Stellenbosch University.  GC-MS was done on a Waters GCT Premier 
spectrometer equipped with a HP5 column (30 m, 0.25 mm ID, 0.25 µm film thickness) at 
Central Analytical Facilities, Stellenbosch University.   
 
Ethylene oligomerization 
The ethylene oligomerization reactions were carried out in a 300 mL stainless steel 
autoclave equipped with an overhead stirrer and a heating mantle controlled by a 
thermocouple dipped into the reaction mixture. The autoclave was loaded with pre-catalyst, 
the required amount of co-catalyst (EtAlCl2) and 50 ml of either dry toluene or n-hexane.  
The amount of pre-catalyst was varied to ensure that 5 µmol Pd was employed irrespective of 
the nature of the complex.  The loading of the reactor was done in a nitrogen-purged glove 
box.  The autoclave was sealed, removed from the glove box.  The reactor was flushed twice 
with ethylene and heated to set temperature.  The desired ethylene pressure was set and a 
constant flow was maintained through the reaction time.  Various reaction conditions namely, 
temperature, Al:Pd ratio and ethylene pressure were investigated 
At the end of reaction, the ethylene feed was stopped and the autoclave vented.  The 
oligomerization was stopped by quenching the reaction mixture with 10 mL acidified ethanol 
(ethanol:HCl, 95:5).  A GC aliquot was taken after which all volatiles were removed from the 
remaining mixture via rotary evaporation.  Remaining non-volatiles material was subjected to 
atmospheric pressure chemical ionization mass analysis (APCI-MS) and IR spectroscopy.  
 
Reaction conditions for toluene alkylation using 1-hexene 
In a Schlenk tube containing appropriate amount of catalyst (Pd, 10 µmol), toluene (10 
mL) and 1-hexene (2 mL, 1.6 × 10
4
 mol) was added EtAlCl2 (2 mL, 2.0 × 10
3




solution acquires a light orange colour on addition of the co-catalyst.  The solution is stirred 
at room temperature for 3 hours.  The ratios of Pd:Al:C6H12 were maintained at 1:200:1600 
irrespective of the complex used.  After the reaction time, the mixture was quenched using  
10 mL acidified ethanol.  
After taking GC and GC-MS samples, all volatiles were removed from the reaction 
mixture via rotary evaporation.  
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Homogeneous and heterogeneous transition metal complexes of salicylaldimine and 
pyrrolylaldimine have been reported as catalysts in various catalytic processes.  Their uses 
especially in the polymerization of cyclic esters and the polymerization and oligomerization 
of α-olefins are summarised in Chapter 1.  These two catalytic processes were the main focus 
of this research project. 
A series of monofunctional and multifunctional (dendritic) salicylaldimine and 
pyrrolylaldimine ligands were successfully synthesised in good yields.  The multifunctional 




 generation diaminobutane 
poly(propyleneimine) dendrimers, DAB-(NH2)n (where n = 4 or 8).  Zn(II) complexes of the 
salicylaldimine ligands, L1 – L9, were prepared using Zn(Et)2 and isolated in moderate to 
good yields.  Palladium analogues of ligands L1 - L4 were successfully synthesised in 
moderate yields.  The palladium complexes of the pyrrole-imine ligands, L10 – L13 were 
also successfully prepared.   
All the compounds were comprehensively characterized using a range of analytical 
techniques which include FT-IR, NMR, and ICP-AES spectroscopy, thermal analysis (DSC, 
TGA), mass spectrometry and elemental analysis.  Single crystal x-ray diffraction was also 
employed in the characterization of compounds L5 and C14.  The data acquired from all 
these techniques confirmed the nature of the ligands and metal complexes.  We were however 
not successful in isolating the Pd(II) metallodendrimers of ligands L5 – L9 in pure form.  
Although coordination of these ligands to the palladium was successful as illustrated with L5 
in Chapter 4, purification of the material was problematic.  Hydrolysis of the imine occurred 
during the various attempts we made to isolate a pure product.   
We set out to evaluate the Zn(II) complexes as catalysts for the polymerization of  






 generation metallodendrimers.  Various reaction parameters including time, M:Zn ratio 
and solvent were investigated.  The mononuclear complexes C1 - C3, C18 and C19 showed 
moderate to high activity.  However the dendritic systems C4 – C6 showed poor activity in 
solution which was thought to be as a result of their low solubility in the solvents employed.  
Due to the low activity of the G1 zinc metallodendrimers in solution; further catalytic testing 
of the metallodendrimers was done under melt conditions.   
Although C1 was the most active of the lot, C18 and C19 gave polymers of highest 
molecular weight under similar conditions.  This was attributed to the catalyst stability under 
the conditions employed.  The polymers produced by these catalysts were mainly amorphous 
in nature.  This indicates the lack of selectivity for the D or the L-lactide during the 
polymerization process.  The metallodendrimers exhibited very high activity under the melt 
conditions but produced largely cyclic polyesters.   
Preliminary evaluation of the Pd(II) complexes as catalysts in the oligomerization of  
α-olefins was carried.  It was established that complexes C10 – C14 in conjunction with 
EtAlCl2 oligomerized ethylene to long carbon chain oligomers.  Attempts to oligomerize 
higher α-olefins such as 1-hexene and 1-pentene proved unsuccessful.   
 
7.2: Future work 
In the D, L-lactide polymerization, further investigation under the melt conditions is 
required in order to understand why the metallodendrimers produced polymers of low 
molecular weight.  MALDI-TOF mass spectrometry should be employed so as to determine 
the end groups in the polymer produced, especially for the polymers obtained under the melt 
conditions.  Further research in this area would include modifying the catalyst systems by 
introducing electron withdrawing groups in the phenoxide moiety to establish how that would 




In the α-olefin oligomerization reactions, further optimization of the catalytic process 
conditions is required.  A more comprehensive study of the various reaction parameters 
should be carried out.  Reaction conditions such as higher reaction temperatures and higher 
ethylene pressure should be explored.  Mechanistic studies for the alkylation of aromatics 
solvents by these olefins should also be probed to provide a better understanding of the role 
of the transition metal for further catalyst development. 
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